
j, [ t I"

,_jf"

I .
/

>

:tibed obovemay be processedby Code UST in oc¢ordoncowith the ol_

__.f • ,-_'c _ ,. _' ,_.- /

_.._1_r'__ and Office Code , _ D

_HNICAL _,'ONITOR

REVERSESIDE OF GREEN COPY FOR GENERAL POLICY REGARDING
i

I

3
' UST USEONLY ,',

i

/

/-./

/'

/

L,_ .................. _ '" ' Ill] I IIIII

00000001



(!A//)sy! d_: i_.;iv,.-,

' • #-. ,

--_-- Iq,YI/?IIIR411_/_....._ "-' :; : :_ " " - - .... ...............

0

A-1080

Q
FINAL REPORT

VOLUME 2

APOLLO SM-LM RCS ENGINE DEVELOPMENT
PROORAM SUt_ARY REPORT

)

Contract NAS 9-7281

/'

/

EDITED BY: APPROVED BY:

//, F. Foo_ D.c.S.nd .____I_,Q__
_" Project Engineer Senior Project Engineer

L. R. Bell, Jr2
Chief Engineer

C. A. Kerner

Program Manager .,

'' ...... r i I II llil I |

00000001-TSB04



_li_/u_r_ ...o.,..,,,o..,. A-IO_O
"'--"'--'--"--" il;(,qll¢#f4fl(IY ' _ _ ,_.......................... , , L.......

TABLE OF CONTENTS

VOLUME i

Preface

Chapter I Harquardt R-4D Engine Development

VOL____E__22

Chapter 2 Thermal Management

Chapter 3 Space Ignition Characteristics

Chapter 4 Gas Pressurization Effects

Chapter 5 Contamination Control

Chapter 6 System Dynamic Effects

O
VOLUME 3

Chapter 7 Structural Design

Chapter 8 Material Selection

Chapter 9 Propellmnt Valve Design

Chapter i0 Injector Design

Chapter II Thrust Chamber Design

VOl,Ut_ 4

Chapter 12 Test Facilities and Instrumentation

Chapter 13 Test Data Analysis

Chapter 14 Flight Test Experience

Chapter 15 Reliability

i i Flq I

O0000001-TSB05



Till " "

vA_ Nuvs, c_t.o,N,_ .............
..... Ir:t_tlJl_4rl

CHA?TER 2

THERMAL N_NAGEZ'I_NT

, BY

; i

C, S. HILL
and

R. C. STECHHAN

©

I

' !
i
I

J

' i
\ i

/J i!
I

/ 1 :

\

t

/
- _ = ..... .,,,-_ ...... - ............... il " _ .... I I I .... |

00000001-TSB06



II:lll:l¥11t,|llO¥ ..... '........................... "............ '-'-- -

)
TABLF-,0_' CONTENTS

_:. Z_RODUOTION 2-1

_ZZ, ANALYSIS TEGIIN_QUES 2"4

A. Energy Balance 2-4
B. Marquardt's Thermal Analyzer Computer _ogram 2-6
C. Annlysis Results 2-18

, TIiEPd_LDhWELOPD_NT HZBTORY 2-23

A. Zncrease Performance 2-23
B. Excessive ZnJector l{eadTemperature 2-25
C. Hot Phasing 2-26
D. Ignition Overpressures 2-37
E. Preigniter Effects 2"37

O V. SUPPORTING PROGRAMS 2-38

A. Columblum Alloy Combustion Chamber 2-38
B. Moog Valves 2-40
C. Passive Thermal Management Program 2-40 L

D. Lunar Orbiter
/

REFERENCES , / 2-50

//

; /

<)

2-i

i

O0000001-TSB07



1 R-4D Rocket Engine 2-3

2 fleetTransfer Paths 2-5

3 R-A IO0-Lb, Thrust Engino Thc'.r.ma%Network 2-8

4 Effective Gas Tempor,atu_c_for fleet_canf_fez 2-_2

5 Colwectivc fleetTransfer CoefflcJ.ent 2-14

6 Emittance of Sol.atAbsorbgtvity o£ Columblum 2-15

7 Thermal Conductivity of Columb'Luta 2-16

8 Spec_flc fleeto£ Alloys 2-17

9 Tcmperature vu. Time 2-19

I0 Temperature Characterls_ies of R-4B 2-20

Ii Power Requirements for R-4D 2-22

12 Hot Phasing Data Trace 2-27

13 Hot Phasing Data Trace 2-28

14 Hot Phasing Photo 2-30

15 T-10060 and Preigniter In_ectors 2-33

16 Chamber Flange Temperature vs. Mixture Ratio 2-34

17 Molybdenum Flange Temperature Time Hist6ry 2-35

18 Specific Impulse vs. Throat Temperature 2-36

19 Thermal Resistance Test Setup 2-45

20 Combustor-lnJector Seat _ermal Hardware 2-'46

21 Seal Thermal Resistance Test Results 2-47

2_ t._.

. -- ... } /
I...... t'" rl III I I I

00000001-TS808



Z R-4D C_mponauC TemperaCuro_ 2-18

II Bcvalopmeue Hiseory 2-33

Ill Cotumblum Chamber Ton_pcr_tur__ummavy i 2-3_
I
I

IV Matazial P>'opezti_s _ 2-42

t

I

J
/
/

• /t i i

/
l :

/
i

J

]
P

!

f

2-ill

.... L

O0000001-TSB09



THERI_4L_t4NAOEI@:NT_I_.STORY
OP TBE

HARQUARDT R-4D ROCKET ENGINE

• _NTROI}UCTION

The succassfu},application of Mnrq,ardt p_.eclsioncontrol rocket
_ng£nos in spac_ v¢;hic]._+,in parr.£al].yduc to thermal manap,¢,mm_tt_chnlqu+m
which wcra developed in conjunction with the Apollo +q_,rvic_Hodule Rc;#_ction
Control Lng_ne Prop,ram. Duvi_,p,this progt'nm,thermal,ana],y_£ntochnlquos
Ware developed which provided rapid n1-_daccurate ovaluat|.on o_ p_:oponod
origins designs. Analyt:_,calpvcdlctiorm that war¢_m_x¢lcwu_c vo'i,+:l,:l!':l,{_dby
th0rmal testln8 o£ the Har,quardt R-4D 100 pound thr_li reelect',cngine lu
simulatod space environments _hich prov_dud pressure:and _adit,_tionback-
8rounds approximatlng vpace f.'light co+_ditlon,, The:so anatytlcal toch-
niques contributed ol.t_nificantlyto the t_ucco_sfulpP._.oIP_aun¢:¢:of thi0
engine on the Apollo Service _iodule,tlm Lunar Hodule.,and tlm Lunar
Orbiter Spacecraft. During the developm_:ntt_sts m_d spac_ fl_.ght0of

O these engines, more than on_ m£1liou altitude isnitlotto and 500,000 s_:condsof firing were successfully accomplishcd.

The thermal management technique,_ used in the design of the R-4D
engine include (I) the use of fuel film cooling of the engine walls_
(2) minimization of heat conduction through the u_,_eof seals and minimum
area conduction paths, and (3) the use of heaters to control the engine
temperaturesduring long off til,es in space. The thermal _anagement tech-
niques have resulted in a rocket engine whose component tempe_atvres are
well below the structural design limits of the col_stltuontmater_.als.

In the following report, analysis techniques used in the design and
analysis of the R-4D I00 pound thrust rocket engine are described. Th_
evolution of the R-4D design in terms of its thermal characteristics is
described and the results of various programs in which the basic thezmal
design of the engine was modified are presented.

" 2-I
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The Marqu_rdt R-4D precinlon control rocket angina confl[ntaof two
high re_q_onnt,integral solanoid operated valve.a,an injector a0acmbly,
and a two-pi,,ce th_-ust chamber (Ftgur_ 1),

1

The radiation and f_Im coo_.edcombustion chambt_rIn made of forgad
molybdo.,ra,, ml.d coated with molybdenum d_.oil, icidn to p_:ovJdn oxidation
p_otaei:£m_ from the _:ombupt£on gtmen form.d by %Ira nt,tro_v;n to.tro_,',tdr_
oxtdtzm: arid hydra:,J.no Lypa fu_.;lu, The rndiotton con_,od Model P,,.,4D
nozzle, _._ Mc.o made of canted molybdenum to an (;_,m_Jton ratio of 6.8tl
at wM,ch p_£nl, a light wol.ght, t.htn walled t bell nhap,:,d L-605 e.ohntt, baoo
gllOy exl:if:D.IlJLnn bc,,ll, _r, .tgt_,cht.d. The pt',:nnat .xpant,:L_:q t'at_o t.a 40:l.p
but due to th. t;wo..pJ,{'_¢o conrtt_.,u¢;l:|,on_ a va_q.n_y of ¢_)q:,arta_on l:at_,oo are
obtainnh!o. The tn,l(_c_',c,_: head con_rd.nn four gon_onl:r£c _:l,nl_a of (:quaIly
opaced £LJect.or ortft_,,._u atu! a pretl_nitc,_ to prov_.d{_ mn¢}oth £{_ntt, ion.

, ctTha rings eons_t of ofbh_ _.u,te.to_, art fires fur w_).l fuel e,oolt.Bg, eight
injector orificet_ for pre_gn_.tor wt_].l fuel. cool.tug, trod eight like on
unlihe prolmllant inJr:ct_.,r double_r_,

' Yhu preiguit_r chamb¢_- i_ a tubular chz;mbe_ extending from th_ face
of th_ iuJecto_ hc_td m-_oembl,y and contains two pt'o?ella_tg injection ori-
ricers. ?he pretgtxiter chamber i_ designed to mix and ignite a m,_,_ll
quantity of propt_llant_ within the. preigntt_sr chmnbur In:ior to iF,nition
of the main combustion chamber, Ignition of the p_eiL,,alterchamber pre-
pressurize_ the main combustion chamber, minimizing ignition del.ayttof
the main propellant _tr_am8.

Propellant valving is provided by two normally clo_ed, dual coil_
solenoid actuated coa;_ial flo_ poppet-type valves with an integr_l pro-
pellant flow regulation orifice.. Integral fixed orifices are incorporated
into each valve to provide the correct propellant pressure drops at the
design inlet presoure to obtain the required O/F and thrust level.

I
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ZZX. _U',1ALYSIST__

The analysis of the thermal characteristics of the R-_D enEine
System encompassed many facets of analysis; these techniques and proce-
dures are described in the following section.

A. EnerR¥ Balanc 9

The R-&D rocket engine attains a steady state thermal condition

approximately 50-100 seconds after ignition, After shutdown, the energy

stored in the chamber is transferred to the surroundings by radiation and

by conduction to the inJector_ valves, and spacecraft _uructure.

Xt was necessary to evaluate the engine system, both during

the heating and during the nonfirlng cases, to determine the engine char-

acteristics as a function of duty cycles. This requirement meant that

the heat transfer paths throughout the engine must be accurately defined

in order to determine the energy transfer. In the establishment of the

energy balance through the system, the heat transfer paths can be classlfled

into either convection, conduction, or radiation transfer paths. Figure 2

O shows the heat transfer paths for a sample block model of !he R-4D engine,
where Qr is radiation, Qc is convection, Qcd is conduction, and Qp is power

generation.

A Bimpllfied energy balance for the system is:

dt

qr + qc + qcd = qp = C d--O

dt
C_-_is the transient term to complete the equation. During eteady state

the equation reduced to

qr + qc _ Qcd + Qp = 0 /./_

During the nonflring conditions, the convectibn terms are zero

and the addition of a power source at the injector is required if active

methods of heating the engine, such as a heater, are used.

C
!
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The thermal characteristlc_ of the R-4D rocket engine were

calculated, using the Harquardt Thermal Analyzer program (Reference l)_

The Thermal Analyzer computer program solves the pertinent heat transfer

equatlons at" each _pecifled location (node) in the engine by a finite
di£ference method. The procedure can be visualized by using the analogy
between heat transfer and electric_l circuits.

; tl ,,
I

T1

1 A1-K 1

© Tj '2

= A3-K >

/ /
' /

' /
!

' T)_icalHeat TransferNetwork ,
' Electrical bmalo_y "//

Froman energybalanceat eachnods
i "

dT _
C_. = E TjAj..I_,-T[,_ E AJ_[_J=1 J=1

0
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or expressed in finite difference notation

--...."'C TjAj_K-TK Z Aj_KJ=1

where

C thermal capacity o£ speci£ied material lump
or node

T8 initial temperature at time 0, oF

.Tg+A8 temperature after a time interval A8

reciprocal of thermal resistance, for

Aj'k cc,nduction, convection, or radiation betweenno_es

&n application of the R-C network approach to the Marquardt R-4D rocket
is shown in Figure 3.

/

In order to use the Thermal Analyzer computer program, the
various data describing the heat transfer processes and rates must be
determined. These data include:

4

i. The convective heat transfer coefficients from'the combustion

gases to the walls of the combustor and nozzle.

2. Combuator and nozzle wall temperatures wlth film cooling.

3, Heat transfer coefficients from the propellants flowing in

the inJec_(,rand valves.

4. Thermal characterlst.tc_of the materials,

5. Environmental charn,cterlstics and resultant electrical energy

#
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The evaluation of these properties used in conjunction with
the Thermal Analyzer program then portrayed a thermal history of the
engine during all phases of operation.

I. Coefficlonts of Convective Gas ]-[eatTransfer

During the last ten years many equations and correlations
have been derived to predict the coefficients of convective heat transfer
from the combustion gases to the engine combustor and nozzle wall._ An
evaluation of some o± these equations was n_de during the program and a
correlation _;hichprovided an adequate representation of the heat transfez
process due to forced convection in the engine reported by D. R. Bartz
(Reference 2). This simplified method of determining the coefflcicnt of
heat transfer due to forced convection provided an adequate simulation of
the actual process. During the program, modifications of this equation
were made to includ_ the effect due to liquid and gaseouo film cooling.
The resultlng equation is:

0.026

hog = D,O"-_prfO.---'6k_/ ._T/ \TR_ TW/ e

where !

!

h heat transfer coefficient

i Dcg diameter j
j Pr 'PrandtI No. /

viscosity

w )ropellant flow rate/
A flow area

correction factor "

,' H enthalpy of gas
T t'emperature /

.Subscript
* throat conditions

f film temperature
R recovory tc._mpera_ure
w wall temperature

2-9
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2. Combu_tor and Nozzle Wall Tem_er_tt_r£_ w!_th Film Cooling

An extenslvc background in thrust chamber cooling, both

analytical and experimental, wa_ developed during many of the NASA and

Air Force contracts on cooling techniques. Investigations included

evaluation of propulsion performance pena]tles due to film cooling. The

design criteria generated by these contract_ was verified during tests

conducted in the Apollo SM/ROE Program. The engine was successfully film

cooled uslng both monomethylhydrazine and a mixture of hydrazine and UD_I

in 50/50 wt portions. The radiation cooled refractory concept of the

R-4D engine has been used with varying amounts of film cooling ranging

from 0% to 40%. The amount of fuel coolant used on the present engine

configuration is approxlmatel_ 25%. This results in a maximum wall temp-
erature of approximately 2000 F, using MiME fuel and a maximum wall tempera-

O
ture of_2400 F using the 50/50 mixture. The principal reason for this

difference has not been establlshed_ but indications are that the hotter

temperature is the result of the two-phase properties of the coolant

(hydrazipe and UDMH) and the slightly higher reaction rate of propellant
combination, which results in a higher gas temperature.

Film Coolin?Analys_sMethods

© Extensive analysis and experimental data have been generated

in the liquid and gaseous film cooling regions and these correlations have
been described in detail in Reference 6.

The evaporative film cooling correlations described have

been derived for the simplified physical model employing a simplified

llquld/vapor diffusion model which assumes that after the total liquid

heat capacity and heat of vaporization of the fuel is exceeded_ the
resultant vapor is allowed to diffuse away from the wall at a finite

rate. The equation for the length of the llquldportion of the film
coolant is

The first term on the right hand side of thle equation represents the

distance from the injection point required to change the film temperature

from it8 initial injection temperature to its 0aturated liquid temperature.

The second term represents the di0?ance over which the effective gas tem-

perature is constant and equ_l to the film coolant saturation temperature.

2-10
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At L 1 the llqufd film coolant is vaporized and ia assumed
to be saturated vapor, The equatlons used to predict the effectlvc &as
temperature in the gaseous region are shown below,

h_-_A

Tr- Ts 0 C%cWfe'

s v 1/3 v

V
0

v v v 1'5(V_7_ I)D

Vo g

V

V-K > 1.0 f (_) = 1 + O.h TAN "I (_- I)
C . C C

These equations have been programmed on the IBM 360/40 to

predict the effective gas temperature vs. distance from the injector

face. Typical results for the R-4D engine are shown in Figure 4. It

can be seen that the latent heat of vaporization of the fuel maintains
a relatively cool wall temperature at considerable distances from the

injection point. Once the fuel has vaporized the effective gas tempera-

ture increases rapidly, approaching at the limit, the combustion gas

recovery temperature.

The equations for prediction of these lengths of the liquid

film aid the gas temperature at the edge of the boundary layer have been

verified by test data obtained from toots conducted on the R-_D engine t

and is eho_n% in the Analy0is ieoults _ection of this report.

C>
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Convective heat tran_£er coefficients for the hent exchnn_e

between the prope]lants and the injector and valve passaZes was determined

by using the equation in Reference 3,

_ 0.23RE0"8 PR0"4
%,

in the region*_of turbulent flow,

When the fuel and oxidizer flow in the passages w_s in the

lamlnar and transition regions, the convective heat transfer coefficients

were determined by using the data from Reference 4, Figure 5.

4. Engine Mater_al Thermal Characterlstigs

During the development of the R-4D engine, many materials

were incorporated into the construction. These materials included the

refractory metals, molybdenum and columblum, L-605 cobalt alloy_ A286

alloys, 321 stainless, Rene' 41, and aluminum. Each of these materials

has varying thermal property charaeterlstlcs which would affect the thermal

analysis. The properties which were required fc_ use on the program weret

a6 Density

b. Specific heat

¢. Thermal conductivity

d. Emittance (total and spectral)

e. Solar absorbtivity. ,''

A majority of the properties were known from literature,

but in some eases it was necessary to evaluate the properties of the
materials. Two such cases were the determination of the emlttanee of

molybdenum and columbium, and the thermal eonductlvity and specific heat

of C-103 columbium. These properties were obtained from tests at _farquardt

and various outside sources. Figures 6, 7, and 8 show typical data for
these materials.

2-13
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THERMAL CONDUCTIVITY VS TEMPERATURE
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SPECIFIC IIEAT ALLOYS AND PURg METALS

(1) Itandbook oE thermophy_ical Propartles

(2) ASD-TDR-63-597

(3)TH_SRF,POWr
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The appropriate v_lueB for the heat tranBfer coefficlonts,

effective gas temperature, and the various material properties as a fune-

tlon of temperature, were Jnpu; to the Thermal Analyzer program. The

output from the Thermal Analyzer program wa_ plotted on an automatic

plotter for rapid evaluation. Figure 9 show_ the comparison between the
theoratlcal temperatures obtained f_am the Thermal Analyzer computer

program and temperatures recorded d_rlng a test firing of the R-4D engJne;

Figure I0 shows the steady state re_ults for an engln_ using a higher

perfo1_ance B-on-8 injector as another comparlnon.. The comparison for

both engines is well within the accuracy required and shows Lhe effective-
ness ot:' using Che fJ.Ln cooling design techf_ique_ de'scribed.

Table I _hows the experimental temperature0 obtained from hot
firing ta_ts_ and the temperatures ro_ulting from the analysi_ teehnique_
described for the _n3ine operating at a mixture ratio o£ 2, using nitrogen

tetroxlde oxidizer and 50% b. w. N2H4/507. b.w. UDMH.

I

TABLE I

R-4D COMPONENT TEMPERATURES '

J

THEOR T,CAL , E×PER,M  TA;""
COMRUSTIONCHAMI_ER

A, FLANGE
I. STEADY STATE 330°F ' 270-330°F

2 SOAKBACK_,_ 440°F 400- 460°F:_ _ -t_ , ' _........ - J '" _ : ' "' -- : = -

B. THROAT
1. THF.RtAOSCpPE 21500F 1900- 2200°F
2. XR FILh_ 2200°F

I I

I C. BELL NUT ' 1800°F 1800°F

INJECTOR
' I. STEADY STATE 188°F 165. 185°F

2. SOAKBACK 3260F / 300- 330°F

VALVL_$
1. OXIDIZEII VALVE

SO_,I(BACK 144°F 140°p

2-18
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In addition to the hot firing tests which were conducted

during the development program, a series of testa were conducted to
determine the engine characteristics during cold soak (radiation to deep

space) operation. During space operation the engine usually radiates to
.L ospace vacuum ( +60 F), but during ground tests the engine was tested ino

vacuum test cells where the surroundings were ambient (70 F). Since the
o

temperature of the combustor is in the 1000-3000 F range, the effect due

to the temperature difference of the surroundings is negligible° During

the time when the engine is not operating, i.e._ cold soak, and the engine

must be maintained at temperatures above the freeziDg point of the pro-

pellants, it was necessary to simulate _e space environment. This was

accomplished by locating the engine in the test cell where the surrounding

test cell walls are cooled with liquid nitrogen. The engine was then

heated by a resistance heater and the power required to maintain the
engine at various temperature levels was obtained+ These data were then

compared to the thermal model results. Figure Ii shows the power require-

ment_ for the R-4D engine vs. injector temperature based on t_e experimental

results and the analytical model.
l

The data show that the analytical methode used to calculate

O the thermal characteristics of the R-4D engine can adequately predictthe actual temperature during both hot firingm and cold soak conditions.

As will be shown later, the analytical methods which evolved from this

program were used in succe6sful supplementary programs to provide the

necessary thermal design criteria.
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-' IV. THER_tAL DEVELOPMENT HISTORY

The development of the Marquardt R-4D engine can be discussed

chronologically, using the time periods required to accomplish major

areas of engine development. The approximate time periods and areas of
development effort are listed in Table II.

TABLE II

Areas of

Deyelopment Effort Time Perio _ Solutionglnyestigated

A, Increase performance Sept. 62 to Use multiple doublet

Dec. 62 to improve propellant

mixing.

B.. Reduce injector January 63 Use higher resistance "K"

thermal soakback to June 63 seal and add fuel cooling

temperature annulus downstream of

valve seat.

C. Eliminate "hot July 63 to Isolate oxidizer pro-

phasing" of Jan. 64 pellant passage.

propellants Use oxidizer valve
standoff. Remove oxidizer

flow paths from head

"spider." Add film cooling.

D. Eliminate June 63 to Change injector design

ignition over- July 64 to 12-on-12 pattern

pressures Use stronger chamber.
Add preigniter.

Each effort was inter-related with others and the engine design

evolved as a compromise which could satisfy the technical requirements
within the constraints of cost and schedule.

A. _ncrqnse Performance

The minimum 8peclflc Lu_$_pulserequirement at the initiBtlon of
the developmer,t program was 300 _.--_-_/eecond:The initial design concept,

ibm

a single doublet, was selected due t_ ease of manufacture, simplicity of

design, and high pulse performance, however, the _teady state perfo[msnce

()
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was below 300 seconds. Several design and development studies were made
which attempted to reach 300 seconds specific impulse. Various single

doublet configurations were used which incorporated splash plates, pre-
mixing cups, and various combinations of oxidizer and fuel injection
velocities and impingement angles. The beet results obtained were 270-280

seconds lap _ which was below the minimum _peciflcation requirement.

A multiple doublet injector was tested to increase mixing efficiency

and to provide a more uniform chamber temperature. Several combinations
were tested:

; t
|
i

Multiple Doublet i

__rationTested Results

4 on 4 Improvement over single doublet

6 on 6 Greater improvement, but still not sufficient.

8 on 8 i This injector met the 300 second minimum and

was eventually selected as the candidate

O design. Several iterations upon the doubletconfiguration were made to optimize per-
formanc e.

12 on 12 This injector further improved the performance

and the temperature distribution. It was

selected as the backup design to the 8 on 8
since it was harder to manufacture than the

8 on 8 and resulted in lower life capability

due to higher chamber temperature.

i i
24 on 24 ' One in_ector of this design was tested but

t provided no significant improvement in per-
formance. Greatly increased manufacturing

difficulty for this design precluded further
_\ consideration.

T_e 8 on 8 configuration delivered the required specific impulse,

but th9 steady state injector temperature and thermal soakback were
greater than the limits set for some portions of the engine. It was

selected for further develgpment , based on the perfo1_nance improvement.

The pre-prototype engine configuration consisted of (I) chamber,

all molybdenum ".040" wall _hlchness bolted directly to the he_d,

(2) valves, fuel and oxidizer sca_ed directly on the aluminum head, and

kI/_ (3) he_d, 8 on 8 injector.

2-24
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B. ExCeSSive I n_ector l|(_ad Tomperature

The 8 on 8 injector design resulted in high performance and

a high chamber temperature--typical throat temperatures of 2800°F and

chamber flange temperatures of 1500°F. This flange temperature resulted

in a large amount of conductive heat transfer to the head. This heat was

not adequately removed by the propellants, thus, some mode of thermal

management was required to minimize the heat transfer from the combustor.

I. H_her Resistance "K" Seal

To lower the amount of heat conducted into the head from

the chamber, a steel bearing ring was added to the "K" seal. This con-

figuration was known as the "wide flange K seal." This change did lower

head temperatures significantly; however, the flange temperature increased

to 2000°F, which caused the seal to fail. No performance degradation was

measurable_ nor was there any evident physical damage to the engine.

However, effects of the leakage of the combustion products through the

seal to the vehicle were unknovm and therefore not desirable. Several

changes to the seal configuration were made in an attempt to solve the

problem, including some attempts to change the heat r41ease pattern by

O changing the momentum _ngle. Th_s problem was finally resolved
injection

by using fuel film cooling which lowered the flange temperature to less

than 400°F. Concurrently, the seal j6int was designed for 2000°F by using

a flat labyrinth L-605 seal. Both film cooling and the high temperature

flat chamber seal were incorporated at about the same time.

Two attempts were made to reduce the heat input to the

injector head by convection from the combustion gases. The approach used

was to install a convective barrier across the portion of the injector

face which was outside the doublet impingement diameter. A stainless steel

harrier was used _nd a thermally insulated phenolic washgr was attempted.

Both attempts resulted in very little head temperature difference and the

concept was dropped. /

2. Fuel Cooled Head
q

A two-pass fuel cooling annulus was added to the basic

8 on 8 injector in an attempt to lower the running temperature of the

injector head and, consequently, the maxin_m soakback temperature. The

fuel entered a cooling passage downstream of the valve seat, made one

complete clrcle, passed into a lower cooling path, circled the head again,

then entere_ the fuel distribution manifold. These cooling annuluses were

small diameter passages for high efficiency cooling and minimum dribble

2-25
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volume. They were very effective and lowered the heat temperature steady
state head temperatures to 150°F as opposed to 350°F without the cooling
path.

One detrimental effect was anticipated, i.e., the effect of

tile large dribble volume on pulse performance. During testing to verify

this effect, the chamber was destroyed by an ignition overpressure. This

was the first time this had occurred at TMC without a questionable facility

malfunction (a prior chamber failure during Advent development was caused

by a plugged chamber, due to faulty purging techniques). The injector head

was refitted with a new chamber and the test series repeated. The second
chamber was also destroyed.

Analyses of this phenomena lead to the conclusion that the

oxidizer lead and large fuel dribble volume was the basic cause and the

fuel cooled injector head idea was scrapped. A fuel cooling loop located

upstream of the valve seat was thought to be unusable as the fuel would

vaporize during soakback from the long run.

Because of the destroyed chamber, the backup design 12 on

12 design was pressed into service and the prototype testing was started.

D The 12 on 12 injector design had a larger impingement diameter, therefore,
a larger diameter fuel metering annulus. This larger annulus provided

much more head cooling and the injector head temperature was lower than
the 8 on 8. The higher performance resulted in a higher chamber temperature

of 2900-3000°F. This temperature approaches the upper limit of the molyb-
denum disilicide coating but the life capability was still considerably

beyond the mission requirements..

C. Hot Phasing (Reference 5)

The mlssion duty cycle simulation tests of the injector design

required an engine start and operation from high temperature soakbaek
condition_:. It was known as "Maneuver No. i" and consisted of:

i0 seconds on, 30 s_conds off, . i
3 second= on, 360 s_conds off,

I0 _econd_ on.

During execution of the above cycle, a peculiar behavior of

the thrust and chamber preo0ure, and an extremely rapid heating of the

chamber was observed. Typical data traces are shown in Figures 12 and 13.

0
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A photograph showing the exterior of the chamber under a normal

burning condition is shown in Figure 14 upper. A photograph of similar
type during high heat transfer burning is shown in Figure 14 lower. This

phenomena was given the coined name of "liot Phase", although the official
name was HIITB (High Heat Transfer Burning).

Several chambers were burned out at the area just above the

throat during the time of experimentation with this type of burning. The
heating rate was exceptionally impressive. A normal

start shows dull red streaks starting, then slowly reaches full cherry red-

ness within about ten seconds after "engine on." Observations showed that
HHTB burning was like having a light bulb turned on in the cell. The

chamber was almost instantly and rather uniformly "white" hot from the
flange to the throat.

The rate increase of chamber temperature was faster than the

Bristol response of the thermoscope and reached failure temperatures of
3300°F within two to three seconds.

When the "step" occurred, i.e., changed from HHTB to normal

burning, the engine reverted to normal operation and the chamber tempera-

ture cooled to standard 2700-2800°F steady state operation. This reversion

O was an abrupt, almost instantaneous event. Thrust and chamber pressure
increased by about seven percent, causing a step in the instrument traces

(hence its name, "step").

Since the Hot Phase occurred only when the engine was started

from high temperatures, it was believed that the cause was a two-phasing

effect on combustion due to boiling of the propellant as it passed through

the manifold_. Since the oxidizer has a much lower boiling temperature at

these pressures, development effort was concentrated in this area. A fair

correlation was observed between a propellant temperature within the
oxidizer valve of 145°F and the occurrence of the step. The Hot Phase

burning presented no difficulty unless it continued for more than two

seconds; therefore_ thermal isolation was attempted to lower the maximum

temperature of the oxidizer valve upon soakback and to minimize the time

required to cool the oxidizer flow passages.

Two methods were used to lower the moximum temperature of the

oxidizer valve upon 8oakback" (I) use of an oxidizer valve standoff,

and (2) film cooling.

(I) Oxidizer Valve Standoff

An oxidizer standoff was designed using stainless steel
A-286. This is a steel tube of minimum cross section which is used as

0
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the propellant passage between the valve and tilehead. The thermal resist-

ance between the injector and the oxidizer val_e was increased by using

long stainless steel bolts. A phenolic insulator was installed to absorb
the transvecse loads.

Initially the stnndoff was a removable part with omniseals

at each end for propellant sealing. This was changed to a pressed-in

A-286 insert to eliminate sealing and installation difficulties experienced
with the omnisea], injector interface.

Alt_rnate approaches were tried to reduce the cooldown time

of the oxidizer propellant passages: (a) use of pressed-in steel lines into

the oxidizer distribution manifold, and (b) a "spider" design using indi-

vidual stainless steel tubes as propellant passages.

(a) Pressed-ln Steel Lines

In this approach, steel lines were pressed directly

into the oxidizer distribution manifold. This design proved difficult to
fabricate and provided no observable benefits.

O (b) Spider Design

A radical departure from the central standoff and the
propellant distribution manifold was made in the spider design. It car-P
ried the concept of thermal isolation of the oxidizer valve and the rapid

cooling of the propellant passages to the ultimate extreme. In this design,
the valve loading was structurally reacted by the bolts and head. The pro-

pellant was injected into the chamber by individual stainless steel tubes.
Thin allowed maximum isolation of the oxidizer valve from the head and

provided low heat capability propellant passages.

The individual tubes were sllp fitted into the

injector to allow for thermal expansion and to minimize th_ stresses. The

difficulty of fabrication techniques was the major reason that the design

was not more readi]y accepted. Leakage of combustion products through

the slip fit joints, with possible accumulation of propellants, also pre-

sented difficulty. Assembly and fabrication techniques have advanced

tremendously in the past five years, and this design may now be feasible,

It could be considered for thermal isolation of advanced injector designs.

(2) F!tlmCoo\

The chamber flsnge temperature was too h_gh to allow effect-

ive sealing of the injector head interface and too much heat was conducted

into the head. An idea was presented to spray a small quantity of fuel

k. ,"J
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(fuel film cooling) onto the chamber flange to cool it. The results were

phenomenal. In one stroke the high temperature flange sea] problem an_d
the hot phase burning were eliminated. In addition, the chamber tempera-
ture was reduced to such a low level that the R-4D chamber has almost

unlimited operational life.

Various amounts of fuel were used in an attempt to optimize

the film cooling relative to the I performance degradation and run time.
sp

The chamber flange temperature for the fll ; cooled engineo
design had two separate operating characteriBtics, one at 500 F or less

and the second at 1600-1800°F. Th_ change in temperature is caused by a

shift from nucleate to film boiling of the fuel cooling streams. The

higher flange temperatures are undesirable because of the increased heat

stored in the flange and chamber which must be absorbed by the head and

valves during soakback. The soakback temperatures also become higher as
the thlckness of the chamber is increased.

Every test of a film cooled engine starts with nucleate

boiling heat transfer of the coolant on the wall. The abrupt transition

to film boiling and its corresponding high chamber wall temperature is a

_, . function of O/F ratio, percent fuel cooling, and time. The time to
transition increases as the O/F and percent cooling are increased.

The T-IO060 (Figure 15) injector, with 12 to 137_ fuel coollng_

shifts to film boiling when the O/F ratio is 1.8. At an O/F ratio greater

than 1.85, the flange temperature is low, i.e., 500°F or less. Figure 16

shows chamber flange temperature versus O/F for most engine configurations

through T-10060. Figure 17 shows the effect of O/F ratio upon the length
of run time until the transition to film boiling and its associated high

temperature occurs.

The fuel cooled injector design did not have the same

performance as a non-film cooled injector of the same hole size_ because

the doublet O/F is not optimum. The cooling fuel is included in the

engine O/F ratio but does not react as efficiently as if mixed in a doublet.

A good correlation was made of engine temperature vs. lap for various
amounts of cooling. This data indicates that engine cha_,ber temperature is

a direct function of performance within relatively narrow limits. Figure

18 shows throat temperature vs. lap for engines with fuel cooling from 9
to 127.and data from an engine with film cooling of 19.5%. At the 300

second performance level, the additional film cooling had decreased the

throat temperature by 300°F.
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0 CHAMBER FLANGE TEMPERATURE VS MIXTURE RATIO
DATA TAKEN AT 60 OR 90 SECOND POINT

SYMBOL ENGINE P/N S,/N RUNS CELL RUN DATE % BLEED

0 T-10020 0001 3060-3134 6 3-03-64 10.7

T.I0020 0001 471-518 1 2-22.64 10,7

[[] T-10020 0001-2 819 886 1 3-12-64 19.4

(_ T-10050 0002 3386-3474 6 3-24 TO 3-27-64 12.9

T-9730 0001 625-71 | 1 2-29 TO 3-04-64 21.5

T-10100 0001-2 3861-3876 6 5-06.64 10,6

0 T-10060 0003-3 3877-3907 6 5-15-64 12.92

T-I0010 0001 386-432 I 2-17-64 11,4

[_ T-10030 0002-1 3135-3231 6 3.04 TO 3-06-64 8.9

SOLID SYMBOLS: DATA NOT STEADY STATE AS RUN WAS CUT IN TRANSIENT
f-ROM NUCLEATE TO FILM BOILING.
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SPECIFIC IMPULSE VS THROAT TI_.IPERATURE

KEY:

SYMBOL ENGINE % BLEED O/F

t,. o 1.4
O " 1.6 •

NOTES : _ " i.8

ALL TEMPE_tATURES TAKEN AT THE El " 2.0
THROAT BY THERMOSCOPE _ , " 2.2

I

" O T- 10020 , i0.7

ALL CHAMBERS RIBBED AND GRIT- O_ T-10020 19.5
BLASTED O T- 10030 8.9

(_ T-10050 12.0
19.5
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2000 :-V.'.0 _
1800260 270 280 290 300 310"
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D. Ignition Overpres_ures °

In August, 1963, a 12-on-12 engine was destroyed by an
ignition overpressuro. This placed great emphasis on understandlng how,

what_ and why an ignition transient pressure would sometimes shatter a

chamber. A two-prong engineering development effort was l_unched to examlne

ignition phenomena and combustion characteristics in detail. The injector

combinations which were built and tested were dash numbers of Drawing
VX20560 (-501 through -533). These engines were tested for thermal charac-

terlstics and ignition pressure levels.

The most suzcessful 12 on 12 configuration for tl.ermal consi-

derations was the -511. It always "stepped" out of hot phase operation

in less than 0.5 second and delivered specific impulse in excess of 295
seconds. It had a hot chamber temperature of 2900-3000°F but was the best

candidat_ for a successful engine. Unfortunately, a second injector of
this configuration (S/N 002) would not behave in the same manner as S/N 001.

After several tests to verify that S/N 002 was different from S/N 001, the

12 on 12 Injector design was dropped.

O An injector design _election was also being made on the basisof ignition spike testing. This testing indicated the 8 on 8 had lower

pressure transients and the program eventually selected the -525 engine

as the injector design to be developed.

E. Pre-Igniter Effects

The T-10060 fuel cooled engine had demonstrated the most success-

ful engine design. Its steady state chamber temperature was 2200°F and the

maximum head temperature was less than 350°F and was thermally acceptable

for the Apollo _ssion. It was no__tacceptable from the standpoint of ignition
transient pressures that it generated. The Dre-ignlter was introduced to

reduce or eliminate these overpressures (Figure 15).

/ t

The pre-ignlter had an adverse effect on the enBine's thermal

characteristics. The percentage of fuel film cooling had to be increased
from 13_'on the chamber wall to 22-23% on the wall to obtain the same

chamber wall temperature and to allow runs of infinite length without a

@hlft to film boilln_.

Additional fuel cooling was required on the pre-lgnlter itself

to prevent burnout of the steel (A286) wall. The effect of this large

amount of fuel, which was not mixed in the main doublet, was a lowering

of performance. This can be attributed to a very high doublet O/F rat_o

and poor mixing of the fuel used for film eool_ng.

e

2-37

NNNNANnTq = n



V. 8UPPORTINGPROGRAMS

During the Apollo program, additional programs were conducted to

determine the characteristics and performance of the engine due to various

design changes. These programs included:

A. NAS-9-6003, Columblum Alloy Comhustlon Chamber

B. NAS-9-5626, Apollo S/M RCS Engine Modification for Moog Valve.

C. M4JTXA-406013 NAA, Thermal Management of Apollo SM/RCS.

D. TBC P.O. N-672458 7674_ Lunar Orbiter Velocity Control Engine

A. Columblum Alloy Combustion Chamber

The Columbium Alloy Combustion Chamber development program,

funded by NASA-MSC under Contract NAS-9-6003, was conducted to develop

a coated columbium alloy combustion chamber suitable for incorporation

O into the Apollo LM/SM RCS engine. Heat transfer analysis of the enginesystem was conducted to predict the various structural temperatures during

and after an engine hot firing (Reference 6). The engine combustor was

composed of a O-103 columbium alloy. The component and columbium struc-

tural temperatures predicted by the analysis and the actu81 temperature

measured during test firings of the engine are listed on Table Ill for _le

R-4D engine. In summary, the valves, injector head, and combustor flange

temperatures were lower with the columblum alloy than the corresponding

temperatures with a similar m61ybdenum alloy chamber. The maximum combus-

tlon chamber temperature, usi:g the columblum alloy, is approximately

i00 ° hotter than with a similar molybdenum chamber. The principal reason

for this difference is due to the lower thermal conductivity of the

columbium. This lower thermal conductivity results in less conduction

heat transfer along the chamber wall.

Since the thermal conductivity and emlttance of the C-i03

columbium alloy was not known at the start of the program, 8 determina-

tion of these properties was made by Marquardt, Battelle Memorial

Institute, and the U. S. Naval Radiological Defense Laboratory. The

results of these tests are shown on Figures 6 and 7,

The results of the test_ indicated that columblum could be

_uceeB_fully incorporated into the R-4D engin{_ The majority of the

0tructu_:al portion of the engines would b_ operated at or near the oper-

ating temperatures of e molybdenum combustor 9ngln_ cystemj while the

columbium alloy combustor would run up to 100UF hotter than a similar

2-38
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TABLE III

SUI_94Al_YOF Z/M RCS _[94PERATUI_S

STF.AUY ST&TE AND SOAK]IAC_

I_OL%"BD_tl L_ , C,OUJ_II_ _

!

I, C_SU_TIOH Cl{AI'_ El_ TheoretLeal F_per£mental Theoretical Expertcmntal

A. E'l_zSe
1. Steady SCare 329 270-330 288 230-280
2. Soakback 440 400-_60 295 300-330

B. 1"hroat

1. _ermo_cope 2150 1900o2100 2230 1900-2300
2. ]31 Film 2165 2200

C. Bali Nut I800 1800 1800 1750-1800

IX. Z_1.1t_tO_
1. Steady State 185 165-185 ,187 170-190
2. Soakbsck 328 _0-330 255 250-270

., . . , ,,,

zJ:z. vaz.ws

A. Oxidizer Valve Seat
1. Soakback 145 140 , 120 N,A.

B. Yuel Valve _eat i

1. Soakback 156 155 _ 132 H.A.L
e

J ,
: Pc = 9T psia Fuel / __N<_4/UDMHor I,'_.E[

/
O/F = 2:0 _00 Seaonds/sooXback

t

Propellant Temperature =.70°F ,'
/

/ i

/

O
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molyl,donu:.-. ¢,,v_hu,:t(,v. Tt._t.s c,f thu c.xidati_,n r,._.';t,,nt ct).,t in_,, _,t_ ttDt'

_olumbium ,c, mln_nt_,r indicat,., a _.m:.:ir:.',m :-;a_e tc.-.Ip,.talure ab_,v(. 7g()t,--_!_{l'a F,

whi(h i:; well chow, t!,: _I" ratin_; t,.::,peratur_. ,_f tlt,, engine.

B. l'%og Valves

NASA Contract NAS-9-5626, "Apollo Service Nodule Reaction Contr(,]

System Engine Modification for the Moog Valve" was conducted to provide an

engine which uses the Moog bipropellant valve, but retains the combustion

characteristic of the R-4D engine. A heat transfer analysis was conducted

to determine the design requirements when the Noog valve (which is a bi-

propellant valve) is used instead of the twin coaxial valves.

The heat transfer analysis of the engine using a Hoog valve was
• %

conducted using the thermal analyzer program for a majority of the study.

This was required b_-cause of the thermal resistance change between the

injector and the valve. The design of the Noog valve required redesign of

the injector to minimize the heat transfer to the valve. The analyses

and data generated in the test program (Reference 7) indicated that the

O iv jeerer arid combustor temperatures are approximately the same as for theR-4D engine, with coaxial valves, and that the Moog valve telaperaturcs

are higher than for the coaxial valves during soakback from a steady state

run. The temperatures are _;ell belou the valve upper temperature limit.

The approximate temperature of the valve scat of the Moog valve was
• O ,. . 0

200-'10 , at soakbac]',, compared wlth 160-180 F for the coaxial valve

configuration.

C. Pas._$v(. Thermal Man0::ement Prof, r_m_m

The major objc=tive_ of this program, funded by NASA-14SC under

Contract NAS-9-5026, were to,

I. Estcl,lish minimum and r._xlmum operntlonal tc;aperatures

for the engine.

2. Determine radiation properties of the combu__tic,n chamber

and of possible altr,rnate tnaterialu.

3. Verify mo._or Lhermel charactertt:tlc_ Of the engine.

4. Evg!uate p:;tcntlal changen to the. engi_e design which

would ir,_zovc ther_at_l cl,ar_cteri0rics and _'cco,_,;c:ndan engine configuration

for optlmun 'ch_rr,.al perf0rn'_n_e.

2-_0
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Results

I. The minimum operational temperature was determined to be

-30°F head temperature. This limit was established by pulse performance

degradation for short pulse widths. The residue of propellant in the

dribble volume froze due to evaporntive expansion and plugged the flow

passages for subsequent pulses. The minimum head temperature was lowered

to -90°F for runs long enough to raise the )lead temperature high enough to

evaporate all the propellant in the dribble volume.

2. The thermal radiation characteristics were determined by

lab measurement at Hughes Aircraft and Gru_nan Aircraft Engineering Cor-

poration. Table 4 lists the emissivity and solar absorbtivity of the

probable material combinations for the Apollo engine.

3. The thermal characteristics of the nonpasslve thermal design

engine were analyzed and a computer thermal model prepared using the

radiation properties determined. The primary features of this design were

an oxidizer standoff and flat L-605 seal. The fuel valve injector joint

was a ball seat directly in the aluminum head. The model used lumped mass

nodes connectea by thermal resistances. This model was u_ed to evaluate

O the effects of various thermal properties and engine designs. The modeland temperature time transients are presented in the final report of the

thermal management study program (Reference 8).

4. The culmination of the study effort was that the engine

could be sig_ficantly improved relative to thermal power losses and solar

soak time limit by relatively minor design changes such as,

a. Fuel valve standoff to increase the time required to

reach the limiting valve temperature.

b. High reslstanee chamber head seal to reduce tha heat

loss from the chamber.

¢. Changes to the chamber bell _o reduce solar al,_orb-

tivlty and emissivity. These reco,_cndcd ehanzes did not consider any

peripheral effect8 such as Is%tar chamber and head temperatures upon the

start pressure transients.

A d_reet recult of the thermal m_n0gcment study was e directive

from NAA to im_ic:_ent i) a fuel valve atand&ff _ith a thermal :cei_tanct

of 44.000 _£:__i, 2) a he_d chamber seal re_i_tar, ce of the maximuln• btu

poaeible au a retrofit into the pre_ent design.

C
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-*..TAB[ E IV

RADIATION DATA

Fo,l,i, -leo.1 o .I ��..?oo.I
..... HAC .18 .18 .18 .19 ,46

I. L-605 as f_brlcofed GAEC .13 .14 .15 .49

2. L-605 as fabricated and then HAC .29 .30 .34 .37 .83
oxldlzec_at 1£00° F and .05

GAEC
[ m _i? for ! m_nU _y m •

3. L-605 as fabricated, oxidized HAC .30 .31 .35 .37 ,79
at IB00°F and .05 psla for one GAEC .79
minute, and exposedto a vacuum
of 10"0 Iorr for 8 hoursat room

temperature
, ,,,.

4. L-605 pol|_hed and then HAC .18 .19 .20 .2i .74
oyldized at 1800°F and .9

GAEC .13 .14 .16
.05 10s_afo_ I minute . i .........

5, L-605 Folished, oxidized at. HAC .19 .26 .27 .28 .74
1800°F and .05 psla for 1 minute

enfl e_pn_ed tu o vacuum of 10-6
GAEC

tc_r for 8 hours at room tempera-
tu_e

6. IZM nongrit-Hasted, HAC .21 .23 .24 .26 .84

could wi£_ disiliclde and smoke
checked (1) GAEC .13 .14 .16 .85

, , ,, --, ....

7. lZMg¢it-!:,!c:,Jed, coatedwlth HAC .23 .24 .26 .27 .84

disillclde e*:d smoke checked_l) GAEC .16 .18 .21 .87

8. 1ZM nongtil-bJosledS coated
with dlsi!icldn, smo!¢echecked GAEC ,11 ,12 .'13 .86
(D c-,__,_,,,,m,,_,ot_,-!.

N R _ .20 . B2t

9. h%ly nong-tt-bln_t_d, coaled
with dhilicldo, and smoke GAEC .07 .07 , .09 .11 .785

- _ Iq'R °43(3) .90
J0. t/.,aJy_r;t-b|osted, co'_led w|th

distllcld:_ end smokechc_cke¢;_l) GAEC .37 .40 .43 .45 . 06

(I) lwo, cych's of heafin3 to 20,3"30F¢/ndholding for 5 mh_ulos In olr
(2) CA[C C- |; r.orrr_J; IIAC E Is tolol hemhph,_,t|cal
(3) Not ='nc_!-:,cl,¢:cl:_d

2-42
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I) Fuel V_Ive Standoff

The standoff design was a straightforward extension of the principle

used for the already existing ox valve standoff. Since extended

length of the bolts was not possible due to the injector configuratlon_

good thermal isolation and stress relief for thermal expansion was

provided by using long titanium bolts with titanium standoffs under the

bolt heads between the valve cap. The primary difficultYoWaS encoun-

tered in provin that an overall resistance of 44,000 _ was
obtained.

Several attempts were made to measure the thermal resistance by

conductive cooling of the head and measuring a known heat input.

These attempts were unsuccessful due to excessive uncontrollable

heat leaks in the setup. These heat leaks were not repeatable and

led to several erreneous conclusions about possible problems of

unrepeatable valve seat joint thermal resistance.

A radiation space cold soak test vacuum chamber was assembled to

verify the actual overall valve head thermal resistance. This test

sec°F

O facility proved the overall resistance to be 47,000 for theo Btu
c sec F

ox valve and )5,000 _ for the fuel valve. These resistances weret
very close to the analytical evaluation and were proven to be

repeatable.

D. Hi___Reslstance Chamber Head Seal (Reference 9)

•'lie high resistance seal program objective wa_ to design_ fabricate,

and functionally test a chamber head seal which had a thermal
hr.°F

resistance 5.0--_u" The seal was to be interchangeable with the

standard Apollo seal. A seal design was built and ,tested which wouldo
, hr F '

[urnis, a thermal resistance of 5 _tu but would require slight

modlf_cation to the head-seal cavity. A seal 4ith a the,Tnal resistance

hr-°F
_3.0- was designed for the e_isting cavity. The latter seal

Btu hr_OF
has almost as effective as a 5.0- resistance seal in reducing

Btu

the heat loss and would have considerabl) smaller impact upon the

Apo ].'I ¢, program.

2-43
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To provide thermal data for structural analysis, a thermal model

of the R-4D engine under soakback from firing and cold soak conditions

of the engine was made. Good agreement with temperature results from

firing tests were obtained. The model gave temperature profiles which
were within 15° of the actual test data. Accurate soakback tempera-

ture predictions enabled a good structural evaluation to be made.

Detailed thermal evaluation of candidate seal designs was made

by comparative calculation of thermal resistance from maximum and
minimum dimensions. Practical seal design configurations were se-

lected, fabricated_ and tested for verification of the analysis

Test Methods

The test method used for verification of the thermal resistance

calculations was a direct measurement of the heat loss across the

seal under actual heating rates and thermal load conditions.

Simulated heads were heated by small electrical resistance heaters.

An actual chamber was attached to the head, using the seal and attach

_i) hardware. The to head was measured and used with thepower input

measured temperature difference across the seal to calculate the ther-
mal resistance of the seal. Figure 19 is a schematic of the experi-

mental test setup. Figure 20 shows the actual test hardware. The

heat input wee calculated from current and voltage measurements. All

heat generated was assumed to go across the seal. Convective losses

were negligible at low pressure p <10 -5 mznlig. Radiative losses were

made approximately zero by controlTing the boundary temperature to

the same temperature as tile sinulated head.

The temperature difference resulting between simulated head and
the chamber flange was measured and used to calculate the seal thermal

resistance,

R = Th - Tf tlr OF
s

Qin

The excellent agreement with calculated value and high degree of

rel,eat:tbility indicate all assumptions were justified. Figure 21

compare_ the test results and calculated then_r_l reni._tanco-

2-44
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SEAL THERMAL RESISTANCE TEST RESULTS
_ =....... _,

Seal

Conflgur_t_on P/N Material Thermal Reels%anlee
,, i ,

Pred'leted

, _(Negleet8Contact Resistance) Demonstrated
Minimum M_xlmum Seal Joint*

• Hr-°F Hr-°F l_r-°F Hr-OF

Conleal T-1367_ Titanium 5.3 • 6.2 6.6 5.7

Thinwall T-13621 Re:_e'_I 3;7 _.3 5.2 L6

Straight T-13611 Titanl_m 1.8 2.2 2.1 2.0

O _12 Rene' _I 1.2 I:._ 1.3 1.2
Thinwali

CompoQiia T-13618 Titanium h.y _.3 3.0 2.8

T-13519 Rene'_I 3.8 _.3 2.8 2.6

Zlrconla T-13617 Zlreonia 8.1 8.3 3.5 3._
Cylin,_e_

:_ - , _ ,, ,

* Overall thermal resistance of head/sea ! chamber

0

2-t17 F igt).r_._21
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Firin G Tests

The candidate seals were fired in two engines _ich were modified

to accept a composite seal and conical titanium seal. The predicted

results were very close to the actual.

The firing tests did demonstrate a potential problem which should

be considered for any engine design using a high resistance seal and

Hr-°F
film cooling. The highest resistance seal _.7 _ was pulsed at

!

a rate of 50 ms on and 50 ms off to build up pulsing operation time on

the engine. ]

• After 980 cycles the run was stopped because the molybdenum

flange temperature had reached 1100OF. This is above the steady state

operation temperature of 300-400°F and way above the maximum soakback

temperature of 650-700°F. This condition did not occur with the lower

thermal resistance composite seal_ nor has it occurred with the very

low thermal resistance L-605 standard Apollo seal.

O The apparen t cause was the flange temperature increase intemperature during the soakback because heat was unable to dissipate

into the head due to the higher seal thermal rdsistance. As the

flange imcreased in temperature it became impossible for nucleate

, boiling to occur at the flange and _he cooling effect of the fuel
cooling flow was considerably reduced.

It has not been demonstrated that thi's phenomena is in any way

detrimental to the operation of the engine but it would result in

vastly different performance and thermal behavior if operated in _is

manner. A very significant 4nput is the large number of cycles which

were required for the condition to manifest itself. This type of

duty cycle is highl[ unlikely for any anticipated m_ssion.

/
t
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D. Lunar Orbite_r (Reference 10)

The Lunar Orbiter engine was a modJ.fied Apollo engine which
provided the /lvelocity for the photographic lunar satellite. The modi-
fications were the addition of a heater, qualification of the engine to
a higher vibration spectrum, and extended burn time o£ up to 700 seconds.

The heater selected was a modification of a Minco button heater.

It was incorporated into an assembly which protected the lead0 and pro-
vided a heat path into the injector. The assembly was screwed into an

existing 10132 screw hole in the head,

Design criteria which was used for sizing of the heater was

obtained from thermal tests made on the PTC verification testing.

Figure ii shows the engine heat loss vo. chamber throat temperature for

two conditions of firing. The worst case was obtained using a chamber

operated over 3,000 seconds at 2700+°F and was used to size the heater.
The Lunar Orbiter engine was oriented away from the sun at all times and
a thermostat was not used. The heater was turned on at lau_ich and

operated continuously throughout the mission.

O The engine performed very well on its mission in space. The

engine temperature was maintained at ,,-75°F throughout most of the missions

and no problems were encountered.

/ "

/

I
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One of the more intoreattns parts of the prosr_n to develop attitude cont.-or
enstnee for the Apollo Service l¢odule _nd Lunar Modulo was the identification
and solution of problems associated u_th altitude t_nttien, During some of the
ignition te_ts conducted early in the development program, the engine cmbustion
chambers .were fatted by _hat appeared to ba large iGntciqn ovorprocsures° be a
result of these early faitureeq chan_ao u_o made to the design of the engine to
provide more satiof_ctory _iCnition characteristics. _.xte_etva tests were conducted
to document Cho conditions tnuiar _htch ignition overpreaeuree occurred and, finallyL____
to demonstrate satisfactory ignition char_cteristico over the range of operating
conditions e_pected durin_ the Apollo missions,

The effort associated _th elimtnettn_ the ignition problems extended from early
1963 through 1967. _ a result of this effort two different typos of iSrtition
overpreoeures _re id_nti_ied. O_e type of i_nttion owrpres_uro proved to be
associated u_th the detonation of _&tertals in_roduced into th_ combustion chmnber

ductn8 the preiCnttion p_ried. _ second typ_ cf t_nttton overpreeaure _s foundto be "associated u_th the accumulation end e_plo_ion of energy rich materials fro_
previous £1rtng_ of "th_ rocket engine.

The engine design was modified to include a prei_nitihn chmubar designed to reduce
th_ frequency end severity of the first type of ignition overpreeeu_e. Destructive
overpreseures of the ascend kind were eliminated by increasing th_ po_er used to
heat the engine so that it ,operated at temperatures _here acct_uulations of energy
rich materials Wore tim_todo 'The fuel for the S_rvice Nodule Reaction Control
• ng_ne was changed fran Aerozine-$0 to the more vole,tile fuel I_H and the Lunar
Module reaction control en_in_ temperature controls were set at a higher tempera-
ttw6 to meet _he require_ent_ ',of the _rozine-_0 fuel. As s result of these changes
and the knovledKe generated dqrtns _Cudy of the altitude ignition process, confidence
was generated that the reaction control engines will perform their intended mission
reliably. This report describes the process through which dc_e4_iug ignition over-
pressures, once upparencly rnndaa end poorly undere_ood, were eliminated over the
operating rans, e of the Apollo Reaction Control l_n_lnes,

/ uu_
/

The multiple doublet injector d_sign_ evaluated "in early 1963 provided performance
appt}ach_ns the de,if u goal of 300 c_ccnds, llowever_ engines u_ir_ thane injectors
were subject to e_ccc_Itve h_attn_ of the injector end valve_ durin_ pretended

. firlnza. To reduce tho inJecto_ end valve temperatures produced ducinS 0toady
state firing and _oakbock, a fuctl cooling vnnuluc who added to a prototy_v injector
head so that the £1_dtn_ fuut would c_ol th_ injector.

i
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After u_e initial teot_n_ to evaluste ire tha_al chsr_ct_rtot£co, the ensine
was installed in the u¢_,wly completed Cell 6 altitude test _ecLltty to docement
pulse performance. Three, five second otaady state f£_Lngs were successfully
Completed. On the start o£ th_ fourth greedy state ftrtnSt the molybdenum
combustion chu_ber broke into a n_nbec of pieces. The ensine was removed frc_
the test coil and az_nined, the one7 _no_alous _bservnt_on boins that the oxidizer
valve use, leek£n_ e_ce_tvely, Its connection could be established betvcen this
leakege and the fatture.

The valve .as r_orked to en _cceptsble condition end reinstalled. The e_ine
was rebuilt to the s_mo configuratLea _ir.h a nov molybdenum combustion chmber
and installed in Cell 6 to duplicate, Lf possible, the conditLoae leadins te
the failure. T_enty, three ascend eceedy state ftrin_¢ w_re conducted successfully.
Ten pulses of 10 milliseconds on _nd 200 milliseconds off _ore then preordained.
During the third pulse of Ch£s p_o_r_a the. cc_buetAon chcmber broke egatn. A post
run e_am£nation of the injector head and-solenold valves showed Chat the _njeetor
and valves were in good condition.

An investigation was initiated to detemins the causes of the explosions. One of
the first thoorloe to be enplored was _hat the laresfuel dribble volume aseociated
with the fuel cool inS loop might _pty eubeten_ial quantities of f_l. into the
combustion chc_ber tnd into the £ecility _ter firming. It use felt that the fuel
u_uld vapori_e &t the 1_ test cell pressures b_in3 used end it _ known that
hydrazine in the vapor state con _ct as o monopropell_at. It use theorised that
when the engine _as fir_l, hot c_abuettcn products misht Ignite hydrazine vapors
resultXn_ in a detonation in the combustion ch_uber or test cell. To investigate
this possibLlityt the en_i_e was esa£n rebuilt to Um eme fuel cooled heed
conf£suratien except that & stainless _toel c_buetion ch_nber_tCh a flush mounted
chamber pressure transducer was _ub_t£tuccd for the _l_bd_n_n cccubuetion chember.
Seventy six ster.dy state r.ud pulse firings _m_e made u4th this _stne. The frequency
response of the ch_ber pressure trenaducer did noC allo_ the acc_ate determination
of the peak velu_ of the i_nttion pressure transient. _ever, _he data definitely
ehc_ced elgntfict_t i_nictou everpr_ssur_e at etazt up. Ftcure I shows a sample
of thrust and ch_ber pressure t_ces for one of the pul_ee. Altho,u3h the pressure
appears to pe_k at shOUt 300 pala t _ubs_qu_t lnv_otl[iations _hosmd that the a_tual
pressure_ were s_nificcnCly hi, her.

Because of the blt_h i_nitlon ovorpree_ure_ observed, it was dccided _o stop all
develo_n_nt york on th_ ft, ol coolcA injector and to be_in £nveetlSetien of a twelve

' on twelve doublet injector that had prevlouely eh_ s_e pr©_£_e _oc roducl_
maxLm_u inJotter tc_cx'_ur_. A _bvr of tc_ts _ro c_nd_cted _r_th varlati_no
of this design du'cin_ Jut7 and At,_uet of 1963.
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Durin_ one of chase tents in the _ _ct_tcy0 three firings of _l_ lO and 5
seconds duration ware m_dz. The. combustion chamber faL_ed at the s_rt of a
p_nnned 5 second rim wad eubeequ_tt e_._,mina_to_ of th_ angina showed that about
two-thirds of th_ combustion ch_ber we. m_st,_n$.

b _eries of test_ was begun in an attt_pt to dateline the conditions c_usLr_ the
rnolybdenwn chambers _o oh_tter, The t_n um_d _ sang,anted ca_buo_ton chamber with
rc_ovable, molybdent_ c_d plastic ccwbueti©n ch_bor _lezvc_ The transparent
plastic chamber vl¢_vo_ wore used _with high opted motion pier,tree to view tf_nitton
and cmbuatton phenomena o_d high rz_pon_e pressure tr_sducera weft used to measure
iSnitton pressures. ,_

During the teate_ the in, otter vol_ea, propellent valve timin_ and propellant
temperatures were varied. An injector do_i_n wtr_ a 13th doublet located at the
geometric center oC the £n_octor face _a, al_o teated. (This 13th doublet yes
introduced _n an effort to reduce the t_ne bot_oen opening the solenoid v_lveo on
the engines and subsequent iSnttLOno) b n_b_r of p$aotic _d molybden_ ch_aber
sleeves were purposely shattered during these studies of the conditions that
contributed to ignition ovorpr_osures° (Concurrent dyn_aic .buret teats of the

) molybden ._a _ea level ch_nber_ .being used _ith the t_elve do'._blet injector _h_ed
that two out of three ch_-nbero failed _vtx_oon 1500 and 2000 p_l. b third chamber
successfully withstood a 2000 psi dyne-_aic buret teat _nd thon failed at 2700 psi
during a static buret teat. The largo pressures required to buret the chambers
supported the observation that lar_o i&nition overpresourea _ere occurring during
the engine testa.)

• I
t

By October of 1963, the available test date suggested that ct_ cca_dittons seemed
to contribute the most to_carda causing large tcniCion overpreaaure_o These conditions
were: I° An oxidizer Iced into the cc_abuoCio_ ch_nber caused by tt_ning of the
ele_trical signals to the l_ropal_anC valves and by d_fferencce between the ozidizer
_d fuel inJector_ dribble volt, nee and 2. Propellant tczapvraturoe bein_ either
mnbient or colder. (Thi_ effect was tater ohom_ to be mostly a function of injector
and combustion ch_nber tezaporaturpe rather than propellant tc_aperaturee.)

/

During October of ,1_63 the abili_ to acc_catety meaefire peak icnition pressures
_¢aa significant_y t_provod by uuppl_ncnttng the previously used Photocon pressure
transducers (_ith a frequency reepbn_ of 10 l(_Iz) .,¢_.thne,ly obtained Kiutler
pressure tr.vnod_cere _+_ooe natural, frequency va_ about 140 _. (The Ki_t)+or
transducer had . revtou_ly b_en evaluated by PrinceCca University t_der a NASA
contract for impr©_-_t_ ro_koC thrust ch_'mbor preosuco m_aeur_aznc_.) Data £rc_
the Klstler trenc_duc_rs uhow_d _i_ni£_c_,:_tly hither peak pressures then data taken
simultaneousZy with _he Photocon transducer° A _atcr cooled Ki_tler unit: showed
approximately double the peak pressure oho_n by the Photocon transducer and a flush
mounted K/ut_er tram-_ucor uho_ed pressures a_ much as four t_ea hi,her.

)
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£nv_sctS_lon of the prea_ur_ maasure.,'acT,t oy_t'_ characteristics was beams to
explain ch_ diffcre_cQa in ind_e_Ce_d pre_r_e. Thl_ inv_0_lg_tic_ Subsequently
resulted in _prowd tcchltiqu_a _oc mc,rm,ri_ lanition s_vnciCy chat _ore very
helpful later in the presto.

AnalyeLo o£ hish speed movies mod_ uufnS the transparent cc_hustion ch_nber sleeves
su_Beeted' that le_'_,u 1Sntttou ovorprc_Joure_ wore caused by the _ptoolon of propel-
lance eec_uletcd in the combuotl(_n ch_ebor du_nS the tBnition delay period. It
was therefore felt that rise bout _y to reduce Cho m_niCudo of iBnttion over-
pressures _s to reduce the ecc_eul_tion of ps'opoll_nC by ehortenin_ the iBnition
del_y time. Several t_tethods £or tniti_cin_ e_rly cc_nbuation _ero investigated
tnclud£n_ a "preicuit_" for ptlot_s_ ea_'ly ca_buation near the injector face.
The preisniter vc_ a _eall cc_bustion ch_sber attached to the injector face and
exhauet_n_ into the _aiU cc_bustion ch_nber_ It was felt that a properly designed
injector hydraulic circuit could supply the prel_niCer _r_th fu_l and oxidizer
directly from the propell_nt valv_ cutlets, ellovin_ Isnition without the lens
delay times rcqul_d to gill the p_oo_e_ in th_ rest o_ the injector. The burn_n_

pretgntter _ould zh_n pressurize the mats combu_tion eh_abar _r_th hot oxhauatproducts so the m_u_e in the main cc_buotion ch_ber _ould t_nite at the earliest
poosibl_ time. In D_cembor of 1963, deo_n of cn_Ine hardware incorporating a
preisniter ch_nber _as begun.

While the preignit_r en_tne was beinS desiined, tcstin_ _as c_ntinued to d_termtne
the ignition ch_r_cter_atica o£ v_rlous engine destSne. Tests were made uoins
strain eases to d_ormtne the d_ni_ reupouse o£ the combu_tion chmnber to £_nition
pressure tr_nsient_. Te0ts _ere al_o me_t_ uein_ five Kiotler pressure transducers
at different locations in _e cc_bu_tton ch_bor wall to determine the t_nporal
and spatial ch_rc_tertstics of th_ iinition pressure tranele_t. The results of
these teats show_d Chat the pe_]c l_nition pressure was sensitive to the injector
config_ 'at_on bein_ teated end to _he relative timin_ betwem the openins of the
oxidlze_- and fuel valves. (Th_ l_cgeet ignition overpreasureS' occt_rred _vhen the
oxidizer valve _es opened a few _llliecconds before the fuel valve.)

Testa usin_ the strain _cd molybdenus _l_eves cheered that the peak strain was
rela_ively tnsen_ttiv_ to the ch_nber _11 thiclmeoe, This meant that adequate
design m_rgin could not be provided simply by thickeuin_ the ch_nber wall. The
teat results did uu_cot that the d_n_ic b_nd£ns stresses could be reduced to
the ¢_ne masn_,tu_e ee the dynemlc hoop stresses by prevldivg c_rcu_ferenti_,l "rlbs u
on t_c c_buetlo_ chamber w_ll. T_ro ribs s_re ev_]_tu_l_y incorporated in the
produ_tion en_iu_ cc_bu0Coro
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During June of 1964 the firnt pceij_ntt_r cnfltne was teutQd. _t had au extra
act of propeller valvco so that the t_lo_ to the. pr_i_ntt_r cou_td be controlled
independtmtly fr¢_ tim m_itt cc,_bu.tion che,nber fXow. _'he t_ata wcco aimed at
duaon_trat_nf; the ability of tJm preif_ntt©e to reduce l_n:l.tion ovnrpre,_urn_ _id nt
prevtdin8 dc.t_n cr|,to_ia for a _ltght-t.yp_ prflignttcr enginn u.in_ a st_e
oct of vclVeo. A £ltf, h_-typo onfl_uo de_t_u _aa fabricated and tested alerting
the week of 22 Ju_e 196b, It uucd _ _hro_tlooo preiflu_,tv_ with the exit cut at
45°. Prci_nitec coaxing _f&o provided by £ucl film cooling holes aimed at the
beet of _he prot_uttcr, Tents of thin confi_.r_tion _nd o£ a _t_ber of other
preigntter engine c_mftsuratione uerc conducted through the end of 1,964. Thto
testing _eoulC_d in oelcetion of the pret6nttor efluinc deoi_n later to be used
for qualification _eetinB,

Testt_ done in 196_ included a thre_ entitle Preliminc_vy Flight Rati.g T_st to
quality the pret_utt_r entwine denifln for use on the firot _ollo fli_hto. The
test results oho_ed that the preignitor h_d _lSn_.ficantly reduced lf_nition delay
timeo and overpreoouree. The test reoulte aloe oho_,:ed e_e evidence of i_ni_:ton
overpreseures durin_ puloo trains _ith _hort (0.3 to 5 _ccond) tnterval_ between
pulses. The overproesureo did not occur on the firuC pules of a train end their
full sisutficanco _:a_ not lr_ediat_ly Stooped, (Ig v_o l_ter deccm_n_d that thin
type of ignition ove_rproeeure wa_ caused by collecticm and .ubeequent explosion
of residual materi_le frcma previoua ftrin_o _nd could bo prevented by hca_tng the
engine above a critical t_mpera_u_e that dependo on the propal_en_, used tnd the
duty cycle being fired.) i

The test resulta aloe oho_ed sharp transient rinse in the output of the tranaduccr8
used tO measure the pressure of the proF_llants oupplied to the _sine. The presoure
rises occurred fanmediately nftor the pz'oF_llent va_vea _ere opened and were later
eho, m to be caused by exploalon o£ minute quantities of fuel that entered the
oxidizer peseage_ of the engine b©t_e_n fir_n_o. A st_nila_ type of preteen woe
observed on the £u_l aide of the _ine, These "injector manifold ozplosiona"
_:ere tater studied _tenaiwly end _ore _ho_n to occur only _-_henthe teat cell
pressure was above a ertttcel value Lh_t dop_nda on the eusine tmlmrature.

The l&nltion charect_riatics o£ the three Pro Flight Rating Toot engittoe were felt .
to be adequate for meatin4_ progrem requir_ncnts end in A_ust of 1965_ tlarqu_dt
and North _eric_n (thu pr_e contractor for the Apollo Service Hodule) _r©ed to
proceed with a five enZ£ne qualification toot pros_o The quall_ieatioa Cesta
_ere to be tun with Eas-£roe prope.llento beer.use pr_2v_ous tosttn_ had ehom_ that
the presence of di_eolv_d or eutrvtned prveaurant 8_e caused cryptic ignition
behavior.
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(XBn_t_Lon testa o_ entwines with h.._J,t_ saturated prOl_l_nte had nhmm $1_nt_,_ait
pronnUren aa high ae 1_50 pni_ w_th no_e_ _lla_ _e_do. _t w_n felt _at the
ovorprca.u_e, were c_ueod by t_e, bul_l:,l_ tn the propoI_t. D_ta t_d_en under
compatible condtt:Lon_ wJ.th E_-_ro@ prop_tl_nt _h_ed no ovo_r, rosnuces.)

_inco the Apollo m_oe_Lonrequired tha_ the en_ino opotat, e _vith propel_anto oaturetod
_ith ho_iun pre_sur_r_t_ it _r,_oo_r.'eod that t_qu_rdt _ould _oo couduc_ name to.to
to develop te_hntquo, fov me_nurir,_ the _not,_t o£ _o dioeolved tn propel, lasts end
£to o££ect on LsnLt_ou charactortotico.

The firot of _Lw en_Lnoo bogu_ qualification tootir@ on Ausuot 1,6, 1965. On
17 $opt_bor 1955 quvlLfication aniline D e_portoncod a ch_nber f_iluro durins a
cold mLoo£on oimulatlon firin[_ eoquo,_co. Harquerdt cropped all qualification _,coto
and production toot firings and euta_liohcd a Failure |_fe!funotion C_£ttoe.
Formal investigation of the failure bc_m_ t_ned_atoly. The general sequence of
eventz-reGardins the failure _o cet_b_ohed _0 £ollo_o"

"_ceos fuel yes depooited in the c_cfd_zer paooe_eo of the injector
durir_ the cold mission duty cycle, _'hto _uol then reacted _th
ozidLzer u_hen the wive wan opened c_ua£n_ an explosion ._¢hich d_ased
the oxidizer va]Lve seat. The d_naged valve seat created a larse
oxidLzer ]Leak a_ter puloe 6 vh:Lch pe_£tted en abnormally oxidizer
rich mixture in the c_nbustion ch_nber. Continued pul_tn_ caused an
ignition overpresuure that _atlcd _he chc_nber on or about the twentieth
pulse. The run _ao termJne_ed o_cer 25 puloe_, the cell.opened and tt

wao then observed that th_ c_buot_on chamber hod failed.' ,,:_
#

This failure during qualification testing _hm_ed that injector manifold ;
explosion, had to be'prevented if the engine wa_ t_' meet Lie requirements.
Five analytical solutions eu_d recovering plans vet6 put forth. +i

Jo il. The injector e_plo_J.op was a facility lad .od phenomenon u_,licl
would n_t occur in the apace envlronment..

, /

2. Deafen cn _ploolon p_bo£ valve that would contain injector head
explooicns. ,, /

3. Design _ injector bo_£1_ to absorb or 'reflect injector head
oxplou_n_. ',

I

, 4. Devise local ho_ttn_ or: th¢_nal coheir'el for tim injector standoff to
raise lc,:al teupor_turus _bove the condensation temperature of
the fu_l vaporB.

5. Cono/de_ an altcrnt_ce fu_l ouch ao UI)Htl or _,_'tHo£ different phaoe
charactv_iotLco ouch that injector heed cxpXootona could not occt_co
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A_l five p_m_u worn _grQs.tve_y plac_d tn work w_t_h a pro_ren_ r_port told

up p_onen_a_ton _o I_A_ Itoun_on on 2t Oe_obn_ _965 _h_ch r_nu_ted in _ mu_,u_l
aS_ee, mon_ that gh_ £_iluro _na a tYaci[tty tnduced ph_n_nonow _nd would no_. oceu_
in the _paco envtrormmnC. Harquardg*n t_ll No. 9 with ft. [ow_v pronn.re capa-
bility hod proven _n_tr_ly ,_tt_,_0ctory an a _rot_3d fo_t_tty _nd _ ann w_.
ptanned ,for coy further cold m_,oo_on ntn_ulatton t_.t_. %t uo,o further _rced that
qualification teoti_ scald be ront_nod c4_d that Narquord_ uould continue to
produce mid ohtp production _ugtn,_oon the _pproved ochqdut_. The f(,,_l fat].ur_
m_tfuncCton report _e publ_t,h_d on $ _ov_ubcc 1965, I)_tqA D(_cc_nbc_rof 1965,
rcplacr_unt enStne D successfully ec_p_e_cc| the cold mio_,t_ simulation _gt r.l_at
ha_ _eeulted tn the lecture of en_tna I._.

Testtnt_ and analysts conducted du,rtn8 1966 resulted in conszd_rablo progress
t.o_ard understanding bo_h injector m_ntfold explosions _nd _.he tf_nttton over-
pressures observed uhen cng'.n_u u_re r_u_ed _t(_r previous fLrLn_;o. A compre-
hensive preston of enalysts e_d _ngXne _ents established that £n_ecCo_ mcmtfoXd
explosions could not occur if the Ceuc eel1 pressure yes 1o_ enough _o allow _t-ee
evaporation o,q reeLduol prope]lanC_ _rvm _ho c_nCino, It followed chnt injector
menifold explosions _uld noc ©ccu_ in tq)ace _d Chic _ _upported by successful
en_e te_t progrt_us conducted at lo+_er c_11 pressures th_n _hoee used before 1956.

lgnit,_.on cost data h_d begun to suggest Chat the tentperature of the engine hard_are
was important tn determining ignition prcaouc_ ma_nttud_ durtn_ multiple pulse
firings. Te_tXn8 durtn_ the helium effects prosrrm eu_$eotod that Chore was a
safe operettas r._i_n because the c_mbuot£on chc_ab_r £1_n_e _empo_,_tur_ at the
time of _n oxidizer _eed pulse _as ob_erwd to corrolat:e wtch the _nttude of
the rasulCtn_ ignition ovorpreeeure. Th_ overpre_oure magnitude decreased at
higher ftanSe tcmporaCuree. _t the t.ime, the cause n_ t_nttion ov_rpresouree
was thought to be exploolon of frozen reatdua_ fuel _,_th_n the en,_tne.

The identification of engine temperature as an important determinant of ignition
pressure m_4_n_tude resulted tn extensive enStno test pro_r_s betr_ conducted at
Marquardt and at: the I_,SA Henned Spacecraft Center to establish the C_nperature
limits for epec,_ operations The Narquardt _e_l O facility had be_ modified to ,
permit engine fix;ins at very lcv _ 50/._) pressures, £n _y attitude _tth re_ct
to the 8ravttat£ona_ field and vith a therma_ environment representative of _pace
operation.

I&nit£on te_Ctn_ at Marquat°dt consisted of Los Tonpor_Cure Happint; Coats _nd
Ign_ttion Proof tc_te. Du_in8 the Got: Tc_peratu_.e I*_apptng to_tO, cn_l.neu w_,th
_n_tr_c_ntod alt_tn_n and et_l cc_b,_ut_on ch_=_b_re _:ore used to eat_bl_eh th_

low temperature timtte for _tts£actory i_n_ttun, V_r_fication of the temperature
limits es_1)ll_b_l _au to be d_onutrated by a uerL_s of proof t_vta _:tth production
molybdcn_n combus_or_.
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Formal proof toot firtn_,s began in August of 1966, firin_ up wi_h Aerozine-50
fuel at _-50oF ch_be_ exit nut temperature. Teettn_ yes _topped when the molyb-
den_ ch_.be,-, froctt:_ed on the 57th run of 88 runs scheduled for this first
te=p_rature ¢ondit_on, A second ev_,in¢ _,a_._.,_dc_ the 6_rd _'T¢ Cf th_ aame
sequence. A_ a result of, the t_:o fL_ilure._ te_tiv_ Wl._ Aeco_ine-50 fuet _as
stopped and proof tenting with _g,ll! fuet we. bQgua. The _411 test. ehc_e,t that
the engine could be safely operated at Icier temperatureo w_.th t_l! fuel tha_ with
Aerozine-50 fuel. The combustion chamber had to be cooled below a nuc temperature
of 30°r before the molybdenum combu_o_ would fat_ in any attitude.

The good results obtained during; the proo_ _.oate _tth l_I suggested that the
Aerozine-50 fuel plumed for the Apollo S_rvice Module should be changed to l_lt
and an _tN Design Substantiation Teat Procram w_o conduc:ed by Harquardt to
demonstrate that no performance or _tructural problems vou._d result from this
change of fuels, b supplemental qualification program was then run using _4H
fuel and the_ the fuel change for Apollo Service Module use made,

The prime contractor for the Lunar Module Reaction Control Engines, Oru_sn

Aircraft Engineer_n8 Corp. did not feel that a switch to _._1 _as practical fortheir vehicle. Thi_ decision wan based on their plans to supply the reaction
control engines w_t_xesidual Aerozine-50 fuel from the e_eent engine tanks during
part_, of. s_e ._teelons. _diticnal proof testing was perfo_ned for Gru_man to
establish safe temperature limits with berozine-50 fuel, _ a result of these
tests, the Lunar Module heaters were provided with additional capacity to maintain
the engine combustion chamber fl_es above 120°F_ a temperature proven satisfactory
by the ensine testa.

The combination of preigni_ion chamber, fuel lead valves, and control of engine
temperature ::esu_ted in elimination of damaging isnitlon oveEpressures over the
range of operating conditions typical for the Apollo mission. _nJector manifold
explosions were eliminated by test cell modifications that provided a low pressure/ •

_, Judged more representative of space operating conditions. The elimination of
ignition overpressures and injector explosions as a source of conern was one of
the major m_leposts of the Apollo Reaction Control Engine program.

_I. •IGNITIONI_STR_q_'_ATION.

During the progr_ to improve the ignition characteristics of the Apollo Reaction
Control Ermine, information was needed about the mn_nitude of ignition severity
and about the nature of th_ processes occurrir_ with_.n the canbu_ticn chv_ber
during pulsin_ operation of the en_ineo tI£_h _esponee dyn_ic pressure, accel-
eration _ strain measut'ement systems were develolmd to m_et the need for
quantitative d_ta _bou_ i_nit£on ucverity, High speed motion pictures provided
the m_Jor source of information on the d_tallcd p_ocesoe0 that occur wirJ_in the

C_ engine durln_ pulsfn8 operation.
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A, D_;At_):CPRESSURE I_t_URI_I_IWS

The earlteQt maanurc_ents of tBnttion pressure made d_tn_ the prosr_ used
Photocon tr_naducer_ v_th a frequency r_sponne of approxlmatety 10 KIIz. Data
obtained from the Phot, ocon t_uducern showed exeens_ve ringing at the tr_nnducer
t_atur_l frequency end _lere therefore not suitable for determinin_ the pack magnitude
of the iSnitlon pressure transient. _,n effort was m_dn to obtain Improwd meapure-

r monte by'using _ Kiotler tro_nsducer of improved frequeney',_esponae characteristics.
At the time the only l¢lotter true.dater that _-ms available at 14orquardt included
a _ater cooling adapter which acted aa on ucounCic resonator with a natural
frequency o_ about 10 l_lZo Zn on effort to obtain sane useful information about
the ignition transient, the output og this pressure transducer was recorded on
ma_neti_ tape and processed through a dynmic compensator (Trr,noductron). The
compensator wo_ adjusted to the inverse tronefer function of a second order _ystan
at the nature _. frequency of the rater cooling _daptor Cavity reconance c_d o_cil-
loscope photographs _ere made of the transducer output a_ter _.roc_osir_ by the
Traneductron. These onetime:scope photographs provided the first information about
the fine structure of the _gn£tion pressure transient. They showed that the

_rausient consisted of a n_ber of sharp pressure pe_ks with extremely short riseand _alL t£_es. One og these early oscil_Oscope photographs is _hown in Figure 2'. ..
The _ine structure suggested multiple reflections of a de_otation wave from the
wall_ of the combustion chamber.

Thi_ hypothesis w_s later borne out by _easur_nents made with flush mounted
Kistler Type 60 _ pressure transducers similar to Figure . 3, The_e transducers
with their as_oci_i;_d electronics provided pressttre information with a bandwidth
of about 140 l_L_. The _btlity of the Klstlor in_trtunentatton system to respond
rapidly to pressure transients resulted in its use _s,'a primary measur_nent _:,echnique
for the study of ignition transien_s.

/ , /Tektronix Type 502 oscilloscopes and Polaroid oscilloscope emneras wore used to
provide en output device with _requency response capabilities e_ttable _or use

( with the high response K4.stler, £netr_nenta_ion. This combination provided both
a record of the pe_k ignition presuur_ end ingor_at£on on the variation of
transient ignition pressure with tithe. Durin_ the later parts of the ignition
study progr_u when the emphasis .shifted from _ppll_d research to documentation, '
the oscillo_copee were replaced by newly developed Kistler peak reading voltmeters
vhich provided an indication of _the peak prensure 'since the instrwnent was last
reset. FL&ure 4 shove a photograph of the Klstler peak rending volt_eter. This
instrument proved very useful in, mea_urin_ the m_i_u_ ignition pressure both on
single pulses and on trains of pulcee.

(3,
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trans{/ucer
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O PA_T RESPONSE TRANSDUCER MISASURES HIGH LEVEl, DYNAMIC PRP.SSURff.G

Model_IH If_,,avydlaphradm,fast response,miniaturequartstransducermeasuresdynamic pres.
sure up to IS.OoOpsi, with limited application to 20,000psi, in blast, explosion, combustion, hydrau.
Ilc nndpneu=natlcapplications.MounlfnS adaptersfacilitate installationandp_otacttransducer
againstext_eza_environments,l.'_leclrn.tattcsystems,utilizln8 quart=transducers._a amplifiers
8n_ k_w*nob_cable, feature short.term static response and static calibration.

SPECIFICATIONS MODDI, 601H

Pres_/'e rasH_l_ ................................. ,, .......... tJ)O0 to I_,000 pal

R¢_o|ulJolt ................................................ 0,8 psi
Ma=Lmurnpressure ........................................ 20,000psi"

:_ Sensitivity _e_m_ln_l}....................................... I plcocoulomb/psl •
'. Rosonautfrequency (mou.ted) (nomlral) .................... t:1o_00cps

Rise lima ................................................. _1mlorOse_OndS
i Lloearity .................................................. Ipnrcent
:', Capacitance I_omlnalJ ..................................... Spicofarads

_! In_allon restslance[minimum)............................ 10s4ohms'! Acceleration s_sltivlty ........... . ................... •...... 0.01psl}8
Temperature,._..n_itivity ....... ' O.blpercenl/*le

, Tempoeature _ranBe........................................ -450 to 4-O00*F
Intermittent It_ lemperature on diaphragm .................. >_000"P
Shock and '_rat|nn ....................................... 11_,0oog's

Csbleconne_lor ........................................ ,., Klatler4ram"
Mountingthread with connector adaptor .................... _ x 0._Smm
8enstn_ elon'._nt ........................................... cryetalllnn quartz
Case material: body: diaphragm ............................ 43oI."SS=8t8 $8
Size ...................................................... 0,25x 0,0 inch
WHl_ht{approxlmnt.| ...................................... 0.08oz. 2.=.qEra,

•CemvoltShi 1_-_-.__._.lxi.lwdhIOSAnndIOSLcnnnsctoradapln_s

KI_TL[_.I1 |_STRUMENI' CO,,P t 0_8 SHERIDAN DI_ ; CLAI;_Ei_CE, N. Y. 1d08'

C) I_ ;'t: _ Idvenced #*llm|¢/m=leem*nlef|en

i.
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Zgnition severity measurements were sometimes required oh production engines that
were not equipped with taps for chamber pressure measur_ent. Zn these casesp
plezoelectric accelerometers were mounted on the outalde of the engine injector and
their output signals, processed by the same electronic system used fo_ pressure
measurements, were used to indicate ignition severity. Figure 5 , shows a diasr=n

i of the s_gnal conditionin_ ¢ircuiCry used with piezoelectric tr_sdueers to measure
ignition severity. The Kistler peak readin_ volt_eter proved meet valuable _or
gatherin_ large amounts o£ data on _gnition severity. Its output, _howiuG the
highest peak value of acceleration or pressure for a selected set o£ _irir_s, could
be read directly from its meter face or could be recorded on a chart recorder or
oscilloscope £or l_ter data reduction.

B. _Y!_IC STI_,II_MEASUrEST_

During the engine develo_nent pto_remp information was needed on the stress distri-
bution in the combustion chamber and expansion bell, This information was to serve
as a guide for design efforts to improve the resistance of the ch_ber and bell to

loads caused by transient ignition overpressures. The measurement method adoptedused a simple sirq_le active arm brid_e circuit, an oscilloscope and a _=uerao Tests
were conducted with &e many as 48 strain ga_es .cemented to selected locations on
t_e engine combustion chamber and expansion bell. Figure 6 shows an ins_ruuented
combustion ¢h_nnber installed in the _est cell. Calibration was accomplished w_th a
60 Hz chopper which intermittently keyed a calibration resistor acros_ the measuring
strain ga_e to produce on the _ace o£ the oscilloscope a square wave represent£ng
a known ga_ resistance change.

/

Strain recordings were made by arming the sweep circuits of the oscilloscope8,
opening the camera shutter% firing the engine and then closing the os¢illo_cope
camera shutters. _-¢c_on "trifler signal was used to initiate the sweep on all the

oscilloscopes simultaneously. /_
/

• c. m,o, XOVZZS. /

Color motion pictures made at speeds _rom Z=O00 to 16,000 £remes per second were '
used to study ignition and related processes iu engines equipped w_th transparent
plastic co_bustion ¢h_nbers. The high _peed movies were girst used to compare
ignition transients with and without, ignition overpressures. _hen an i_tit_on
overpressure occurred, the mixture in the c_nbustion chamber would trans£orm £rom
a nonlu_nous da_k bro_ prei_nition appearance to an intense blue-white luninous
mixture.

,i
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The tr_ueformatlon occurred during the _hort interval between frame.. Thi¢ w_.
the first concrete evidence that a detonation wave had propagated _hrough the
material in the childbed. Th_ prosc_¢_ o_ detonation w_ve¢ durln8 18hilton over-
pressure0 was alas detected by high reaponue p_e_u_e meanuremente. High speed
movie, were used ]._tc_ In the progwm co study the timing o£ the event, in the
combu,tton ch_ber durtnB pulsing operation and Co utudy injector _nptying aa a
functJ,on of _ttttude _.nd tc_lperature. Figure 7 /shows on enBtne with a trane-
p_P_.T_QB_tc_buotton chamber tn_tallod in the toot col1 for a movie r_,

v. H SURE N S

Information from the high speed movies wae c_pared with data from both his|, _nd
low range Klstler transducers, The h_._h tense transducer was uoed to measure
pressures after ignition and the lo_ range KXotler transducer was used tO measure
the pressure in the combustion ch_nber before _gnitton occurr.edo A combination of
a low range transducer and a sol.enoid valve tree u_ed to study, the chamber pressure
after combustion ceased. The solenoid valve was he1(1 shut during the preiguitton
and combustion periods to protect the trancducer (_hich _as more e_nsitive then the
gistler transducers) and then opened after the propellant valves were closed. This
provided a measure_nen't of th_ chmuber pressure decay after firing ceased. This
information _ae used, in conJu_ction wLth the movies_ to help understand the
processes that occurred after engine ££rin_.

Later in the program, when extensive teats _ere being conducted to doct_nent _hO
tgnitten cheract_r£etics of production engines _lthout chumber pressure taps, a
t--.hnique was developed for determining relative ignition severity by monitoring
t,_ output signal from the piezoelectric accelerometer mounted on the rocket
injector. The signal from the accelerometer was processed throt_h the same Ktstter
instrumentation used with t_e Kistler pressure try-"'..urs. Large bodies of accel-
er_neter data were gathered over a range of canine f£_inS conditions end the data
were reduced using a statistical analysis of variance technique' to _etemine _d_ich .
test parameters eJ_nificantly affected ignition behavior, These testa showed that
the cembustion ch_uber temperature had a strong effect.on ignition severity. This
discovery provided _he basis for use of hewd_are tc_np_rature centrol co alleviate
the problems associated with acct_nuletion of residues from previous pulses.

The development of e£_ective ¢_n£tion testing procedures end fvcilitiee was one of
the key elephants in tJ_e _ffOrt Co tmderatend the factors a£fectilt_ altitude £,_nitton
end in the doc_ont:_tien of the Apollo reaction co_t_ol e_ine ignition char_cter-
tetic_,

,i
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_xpertence 8steed ductn_ the Apollo proilr_ oh.wed that iButtion prosmur_ data
included a Xa_-_,_.random c_pon_nt _nd that both the menu and v_rianae of the
data wera 0tgn_,fiem_tly _ffe_t_,d by a nut, hot o_ Vart_,b_eB including _ngine
orientation trt the gravitate.nat ft_td, the duty ¢y_._ being fired, the tmper.
store of the et_l,un _d prop_l_ntn, the _ypn of £.el. bein_ u_cd_ the n_be_ of
p.l_o_ per rtu_ #rid the pronourv _ghin the to_t cel, l. During tim progr_,tOehnique_
worO developed _or tdcntt_yt_t_, the oLgntftet_t w.rt_,bl_a a£Ee_tJ,n_, i_nt_tou p_e_ure_
for controlling che_ du_tug e.n[_Ano t_tttou t_ntn _nd for', dace reduction dad prenon-
tulle, in mvanl_ful _nd u_ofu_ fom_. C_ntx.ol o_ the vart_hl, o_ _ffectluf,, _nttton
preonure _ao m_d¢ poootble by eonntructton o£ a multt-_tt_,tude 0pace otmulatLon
_actlit, y. _hir_ £_tltty provided _he eep_btltty _or ftrf, n_ the roaket _n_tne tn
my de.trod attitude _tth respect to the t,;ravtCaCton_t flold, The facility preaoUre

, prior to l_nttic_,n _,a. hold at leuo thau 2_ t_l¢:c_ta o£ mercuc_ by th_ combination of
a cold trap _d a 9_000 cfm recto blo_mr h_ckcd by a throe o_a_o ._e_m injector.
Durin_ i_nition Ccoc_ the engine _ao expoocd to a oimul_ted bl_ck .paao thezmal
environment tn the form of I a liquid nitroS.on cooled ohroud _lch uurrounded but
did not touch the c_abuotion chea_ber m_d _xpvasic_t bell. _ng_ne tcmporaturo coat, tel
_ao accomplioh©d in a manner similar to that uood on actual op_ce vohicleo by

electrically heeling the rocket ett_inds injector he_d _nile allo_ng the on_tne to
radiate heat to it_ cold surf.endive. Operation of the en_ine propellant valves
was controlled by a H'arquardt desi_nod "puloer" _rtCh prov_olonu _or independent
control of the £trtn_ pulse _tdth0 time between pulsed0 n_ber of puloeo _nd rotao
tire timing of' the o_idtzer _nd fuel valves. ¥i_ur¢ 8 " _ho_s the _ulti-
attitude space simulation facility o_d FiBers 9 _ _ photograph ohc_ln_ the
control panel of the pulser., , '

' _ i

Special ln_tr_entation required for l_nition tests included hizh response piece-
electric transducers to measure ch_nber p_-e.aure (or: injector acceleration when
the engine had: no tap) and th_ high response electronic, for conditioning the
resulting signals and for electronically tdenti£yin_ and recording the peak value

,:f**i _easured during a run. O_cil_oscopes and Polaroid oscilloscope c_neras were used
,',.... tO study the fine stz_scture of transients. The special i_nition inst_umentation

and equipment required to control the facility were located in the facility control
room shown in Figures I0' and Ii. /

During the course of the progre_n theae facilities were used to accumulate data on
over 610_000 altitude ignitions of the final ver.Lon of the Apollo reaction control
engine so tha_ a thorough st_tistLcal study of the onBin_ ignition characteristic.
could be made over the rc_e of, conditicnn typical of the Lunar mission. The larBe
amotmt, of ignition data required to a_equately define apace ignition characteristics
and the cc_nple:c relation between the te_t data and the engine test condition_
required the d_velopme_t o£ a _e.chnique for handltn_ and tnterpretin_ large manses
of data. The technique that v_u finally developed consisted of punchin_ 1_4 cards
with information on the "tout co_di_lons o_d the peak l_nltton presour_ or accelcr-
ation obaervc_ during each :t_.

x
t
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The isnttiou test duts card0 yore used as input to en m_alyoi, of v_'icnce cc_puCer
pro_a which detaz_inod those variables end c_mbtnationo of variables that signif-
icantly affected ts_itton o_vertty duristg o_ch teat. (For simple t tf the tempera-
ture of the combuncion ch_ber had _ ntatiuticall7 significant influence on J._nition
severity end if the engine off times between firing, did not, but certain combin_-
lions of off time and ch_aber temperature produced z_nttton ocveriCioe ait_nt£icanCly
different f_om _hat would be predicted fr_ the chamber temperature effect _lone,
the ce_puter pro_r_n _ould identify chc_ber t_nperuture _nd the c_binatton of ch_nber
temperature end off t_J_e ae utgnif£cant variables).

A t_pical computer pre_rm printout of a sample of t_nition teat data £e ehmm in
F£g_e 12. It eho_o that du_£ng this ce_tt chc_ber t_aperetur% number of pulses
and off time Were the v_riablee that significantly _f£ected if_nttion severity. After
firf_ the enSine through a eel of rt_no selected by statistical c_per_ent des£_a
teclmiquee and identification o£ the _i_UXfic_,_t v_i_bles using the c_n_yele o£
variance cc_puter p_o_r_n, a computer plettin8 _outf_o _ae used to prep_e plots
of the ignition pressure agaimeC the significant vac£ablee, Figure 13 £e a
typical plot of t_nition data eho_in_ the effect of c_buation e.hmber tempera-

O tu_e on ignition e_verity. Fisure 1_ ech_n_tica_ly shown the sye_ used fo_hentrlin_ the lares _ounte of £gnltion tee_ d_ta.

_ V _ _$ OF__NG_T_ON _OVER]?RESSURE8,

Two types of ignition O_erpressure _ere identified durin_ the develoL_nent of the
ApeUo Reaction Control _nginee. The fi_ot type(later named "heteroseneoue
deten_on")wae a detonation wave that prop_ated thro_ch the material that
collected in the cc_buetion cha,_ber during the preicnitton period. (L_ter in

!i the preston, a second typ_ o.c i_nition overpreeoure was identified, a detonation
involv£n_ residual materia_e ._.eft on the combustion chenber internal _urfacee

_" frm prior engine ftrin_o.) The preigntter yes added to the engine to reduce
heterogeneous detonati'on pressures by ehort_iu_ the tL_.e between entry of propel-

:_ lento into the co-bastion pressure and their subsequent l_nition.
A. Hetero._eueous,Detonations

. Movieo made to he_p _plain early ensine fal$ureo provided the first evidence that
a detonation wave could form in the cembu0Cion ch_ber° _ho_e high speed movies .
shmmd a rapid trr_ition from a slowly moving fl_e front to a rapidly travellin8
wa_ that swept through the material in the c_buetion cheanber in less time than
the fr_ctlon of a _illieecond between movie fr_oe. Th_se rapidly mov_r_ waves
durin_ i_nitit_n overpreseuree were aloe detected by c_nparioon of trane_.cn_
pressure measurements made simultaneously _t a n_ber of locations _chim the
cca_ustion ch_aber ueli_ five high ruo_onoe Kio_ler pressure transducers. A sac
of simultaneous p_c_eur_ r_eorde le eho_ in Ft_ur_ 15. The prozr_ee of the
detonation wave put o_ch of the tranoduc_r .tctlone c_ be aeon.
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Preusure measur_enta made _rtth _ow-renge Kistler trm_sducers during the preIBnltion
period uhowed that a praignition reaction raised the temperature and pressure of the
mi_urc within the e.c_nbuotion ch_ber until the initiation of the travelling deto-
nat_on wave occurred, analytic_l e_timate_ ba_ed on detonation theory and the
a_aunt o_ material injected before ignition predicted that ignition pressure around
2,000 p_t might be. produced during a heterogeneous detonation. Extensive engine
teat progrmna wore conducted to determine the engine test condition_ that produced
i&_Itlon overpro_ourea and the o_ect o£ the overpreonure0 on the molybden_n com-
bult.im_ chmber and bell. These early te_t reBulto showed that the tlmtns o/_ the
propellant valve oponlng in£1uo_ced the po_ i_;nttion pressure. The highest
pressures occurred when the ox£d£_-er valve was opened be£ore the £uel valve. Figure
16 Bhows a semple o_ peak ignition pres_ur_ data plotted as a function of valve

tieing. (Another _tor that seemed to a£_oct t_nition pressure magnitude was
prepellent temperature. The _argost i_nit£on pressures were obtained during tests
run with cold propell_nts. It was only later in the program that condensed phase
explosions associated with cold engine hardware were £ound to be responsible _or
this apparent propellant t_rature effect.)

The observed relation between ignition overpreesuree end engine operating variablesdid no_ explain all the data characteristics because of the influence of uncontrolled
but si_nificant variables such as hardware temperature and time between pulses.
Ik_eve.r, it was felt that satisfactory ignition characteristics could be obtained
by ell_uinating the heterogeneous detonations and early tests of the preig_iter
ermine design ee.emed to indicate that the preigniter could eliminate large ignition
o_erp.r e s sates.

Teet_ were conducted to determine the eongi_uratton of a _reigntter injector _hat
w_Id provide satisfactory ignition characteristics over _ wide range of propellant
valve timing. It was found# Figure 17.', that the ignition limits _or preiSniter
o_ration were a inaction of O/F ratio, preigniter characteristic l_ngth, and
the p_ope.llant weight flow divided by preigntter throat area. _hese data were used

{i to de.sl_u the preigniter injector eventually incorporate.d £n thb production engine.
This _nJector incorporated a eo_bination og hydraulic restrictions and volumes
arranged to provide propellants to the prei_nttor before allowing propellant £Iow
ln_ the combustion ch_bero A computer progr_ was used in conjunction with en_ln_

tests to design the _ydraulic circuitry for positive preigniter operation.

The preigniter engine design see_ed to eubsta_tially reduce the ma_nitude of _gnit:ot,
preterites. Howe.ver_ a growing body of data suggested that i_nltlon overpressure_
might _till occur when the engine hardware was cold or when the enBine had been
previously operated a short time before attempting to re£gnite it. This clouded
picture Was brought into focus by the £allure of a prei_niter engine durin_ quaiL-
flcat£on testing.

©
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Tha cants of the failure wan _deutlfled as a large ¢_tdizer le_ caused by
injector rn.nifold explosion. While the e_u,,, and cure_ of injector manifold
explo0ion_ w_re bein_ determined_ engine _eatin_ _t the _SA H_ned ,qp_cecr_ft
Center roou_ced in the failure of a heavy boilerp_to steel eh_ber, The energy
required to produce the observed defm_c_.ou of the steel chamber was estimated
tO be 8roster th_n the energy that could he extracted £rc_ propellents entering
the chmber prior to ignition. This observation pointed the w-y to the discovery
of decon_tions of condensed residual m_cerialo as a second cause of ignition
overpreooure.. This second type of i.gn_tion ovcrpreooure wee later controlled
by establioh_.ng operatin_ temperature limits for the engine.

3. ,Conde_,ped,,..l_.hneeEx_].o,e_o,ns

The heterogeneous detonation theory had exp_ained some but not all of the ignition
overpressures observed during ensine test:ir_. The t_perature and duty cy..cle
depend_nce of ignition pressure end the lares energy yields required to produce
s=ae of the observed engine hardware damoge strongly suggested the presence of a
second type of ignition overpressure ao_oci_ted _rLth the detonation of residual
materials fr_u prior pulses. La_er support Of thls hypoChesls c_e from visual
observation of liquid deposits in rocket engines bein_ tested at Harquardt and at
HASA's Harmed Spacecraft Center. In Hay of _966 e _larquardt, _orth American Aviation
and the NASA Hemn_d Spacecragt Center beo_n _ coop_rative program to investigate
condensed phase explosions.

The .program consisted of engine te_ts to determine the conditions causing condensed
phase explosions _ud analytical end experimental studies aimed aC prov£dlng a model
for the physical processes that transfer materials into end out o£ rocket combustion
chambers. It was felt Chat such a model would help interpret engine teat data emd
would help identify techniques for en_urin_ low isnitio_ pressures.

The model d_veloped provided _nalytical oe_imates of the _mq_t of residual fuel
remaining in the rocket _embustion ch_ber as a function o£ time, temperature and
firing duty cycle. The estimates considered heat transfer, evaporation end gravity
flow of residual fuel. The model predicted th_ same functional dependence of
ignition pressure on operatin_ par_ueters tha_ was cheer.red during engine tests.

Residues collected from rocket combustion chamber_ after firing _ere chemically
analyzed end found to contain water, nitrates derived .from the fuel (pa_:tlcularly
hydraziue nitrate) and unreaeted fuel. l_ork is still continuin5 at a number of
in,titutione to prov._.de a more complet_ understanding of the format'-on of residual
mater£al_ _nd their role in producing condensed phase exploelonn, l_ever, the
succesu of the residual Euel model in predicting ignition pressures as u function
of fuel beiu8 u_d, c_lne t_mperaturs _td pulo£n_ duty cycle does sug_cut that the
residual fuel ie important either as an energy oourc_, or indi_oct|y a0 a contributor
to residue formation.

.#
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The mathematical model developed for condensed phase explosions was a computer
progrmn_that periodically calculated the _nount of reB£dual fuo_ in the canbustion
ch_nber. This mnount was based on the _nount of residual fuel calculated one
computing interval previously and adjusted for additions end losses assOciated
with injector emptyinS, evaporation and gravity drainage. At the time correspondins

/ to ignition for a pulse firing_ the progrem computed the ignition pressure associ-
ated with instantaneous etoichiometric combustion of the residual fuel present at
the _noment of. £_itiono Figure 18 is a _m_ple of the information generated by
the computer program. /

When the engine is fired in pulsing duty cycles, a number o_ processes sequentially
take place_ The relative timing of these processes was deter_inecL by analysis of
high speed movies and high response ch_ber pressure measurements. The engine
solenoid valves open shortly after being electrically energized and the propellants
begin to fill the injector passages° Because the injector is evacuated by the space
environment between engine rifles, some of the incoming propellant vaporizes°
This vaporization allows formation of a t_o-phase mixture fu the injector. Flow
from the injector into the combustion chamber begin as a tenuous mist whose liquid
content increases as the injector begins to fill with liquid. Preiguition reactions
begin to take place "in the combustion ch_nber, raising both the L_nperature and
pressure of the t_o propellant mixture. Approximately flve milliseconds after the
propellant valves open, the pt"eignition reaction rate becomes fast enough for
ignition to take place.

Ignition may take the form of _ deglagration that spreads throt_h the throbber at
subsonic speeds or a supersonic de'rosaries vave._ay sweep through the chamber and
rapidly raise the ch_nber pressure. (This latter was atoned "heterogeneous detonation. _
The heterogeneous detonation seemed to occur more frequently when the engine valves
were timed so that the oxidizer valve opens first. If residual energy rich material
is present on the combustion throbber it may explode m_d contribute mass and energy

! in the form of a "condensed phase explosion." Test data suggested that the condensed
phase explosions were more likely on pulses with oxidizer leads than on pulses with
f_el leads. This suggested that the conditions produced by a "heterogeneous

• detonation" may induce explosion of energy rich materials in the cmnbuet£on chamber
walls. A coupling of this type has been oboerved in detonation tube experiments'
by Dabora and his co-workers at the University of Mlchigan.

After the 'ignition transient dissipates, the propellant flow rates end chamber
pressure tend towe_d their steady state values. When the propellant valves are
closed, a new set of transient processes be8ino. The flow rates into the injector
stop and the flo_ rates from the injector into the ccmbustlon the, abet be_In to
dt_ninish. The rue1 fl_ fro_ the injector decreases _ore rapidly beceuse the vapor
pressure 0£ the fuel is lo_er _h_ the vapor pree0ure of th_ o_:£dizer. Durin_ the

period while the prop_llc_nt flo_ rates ere decreasing, a 0porndic cc_bu_tton t_l_e_pl_ce in the ch_ber _Ith a periodic charo.cte_'iot£c caused by couplln_ between the
eo_buetlon chamber pressure and the flew rate from the Injector.
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This sporadic combustion Ceases when the oxidizer is e_auated (typically about
100 milliseconds after the valveo _.re eloped), The fuel ottll rcmai/tinS in the
injector then emptie_ for approxfm_t.ely 200 milliseconds more,

Fuel is deposited on the combustion ehcmber walls by the film cootirk_ flow used to
lower steady orate operaCinB temperatures and by the emptying of the injector after
the va_ve6 are closed, If the caubu0tion chamber walt_ a_-e relatively co_!: this
fuel can accumulate from pulse to polos, The acctvdulated fuel represents a reset.weir
of enorsy as do combustion intermediate c_;.Dunde such as nitrates formed by reaction
of this fuel with oxidizer during the prei_nition and poeC combustion transient
processe_, Identification of the sequence of transient processes dur£na pulsing
of the rocket engine is the first step towat'd understanding the ignition process,

.Ftsure 19 sho_s a typical chamber pressure record with eeme of tJw transient
processes £dentifiedo

Data for modellinS the injector emptying transient ware based on analysis and
laboratory experiments, During the laboratory experiments, glass vials of
propellant were opened in an evacuated boi.ljar _._hilo hish opted movies ware used

to determine the effect of propellant temperature and Gravitational orientationon C_e e_pCyin_ process, The movie_ ehqued that emptying took place by two-phase
liquid-vapor £1o_ _copt uhen the vials were fil_ed with chilled propo1_ant end
oriented to empty by flow upward _ainst gravity, In this latter case, emptying
took much longer and took place by solid-vapor flow _ith lmrtod_e atoppasee caused
by frozen plu_a in the vial neck, _nJector emptying curves et_tlar to those in
Figure 20 wore calculated for two-phaee flo_ and uaed as part of the computerized
Pulse Operation Model.

/

Fuel added to the combustion ch_nber walle is a_fected by sravity_ end by vaporization.
The vaporization rate is heavily influenced by heat trans£er considerations and Is m
there£orem qu_te dependent on the thickness of the layer of fuel. During ground
testing_ gravt.ty f!o_ has an i_portant effect on the thicknes_ of fuel films as shown

.' by Figure 21, constructed by equatinZ 5rav_ty forces and viscous forces in a layer
of l iquid on a vertical wall. This curve shows that 50% of./a 0,Ol inch thick layer
of monemethylhydr_iue will drain from a _ inch vortical wall £n 0.43 seconds. 957.
drainage requ_re_ 43 _econds, '

Because of the low pressure outside the ensine, deposits within the combustion
chamber tend to be vaporized by boilinz or by evaporation (or sublimation) from
the free eur£vce o_ the deposit, For conditions under which evaporation from the
free surface occurs, the time to evaporate on 0,001 inch thick layer o£ monomethyl-
hydraziue reveries a portion of cc_nbuotion chamber _urface w_th four times the area
of the combustion chamber throat is 0.05 errands for a chamber t_pcrature of 70oF, _..
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CompuCor runs muds with the Pulse Operation Hadst. using the ,nalyticaX expressions
for injector cmptyi._ Cfmet wall drain_Su time _nd fuel evaporation times (und
iucludtns the e_fcct of evaporation and combustion he_t fluxes on the combustion
chamber tc_nper_tura) _howed nm different types of behavior, Lar_o _ccvmutaCions
of fuel _ere predicted for caeca _here the heat e.dded by combust:lon _as tess than
the heat requt_ed co evuporate the fuel deposited on the combustion chunber _alta

' durLn5 a" firing. A high initial wall temperature delayed this aec_nulution until
the heat deficit from a number of pulses reduced the combustion chmnber temperature
oo that the residual fuel could not evaporate between firings,

Firing the engine for longer periods provided enoush heat to remove all the material
deposited on the _all by a ffxing, Th£_ produced _ rise in chamber t_psrature
and no fuel accunulation when the initial temperature was warm enOugh to evaporate
all the residual fuel between firings, Startin_ a pulse train _t lower t._npera-
Cures produced acc_nulations only until the excess heat warmed the chamber co a
¢_nperature high c_o_gh for complete vaporization. Figure .2_" =ho_ the behavior
o_ chamber temperature and potential £_nition pressures (bas_d on instant co, bustles
of the residual fuel) for the two si_u_cions discussed,

O After recognition of condensed phase explosions as a source of ignition overpreosures_
the _isnific_nt variabl_s affectin_ condensed phase explosions _re identified b_
studying Pulse Operation Model results, Engine tests were conducted to explore
the effects of engine temperature, attitude, duty cycle, and propellant selection
on the lenities pressure magnitude. The tests established engine temperatures
required for avoiding condensation phase expldslons and showed the followlnE _rends
in the data.

/

1. Ignition severity decreased as e_lne t_nperature increased_ suggestin$
that evaporation 10 an important factor in _nptyinS residues from the
combustion ch_,'nber.

//
•_ 2. Ignition severity _as lowest: for very short end very lens times between

firins. /

3. Ignition _everity _enerally increased as the ensine firing direction was '
rotated grin dmmwsrd co horizont_l Co upward showing the influence of
_ravlty in opreadlng and draln_ns residual material deposits.

&. I_nitio_ overpressures were _ore frequent w_th oxidizer leads.

5. Monc_ethylhydra_tne 'fuel produced lowe_ iznition pressures then Aerozine*50
fuel und_.- th_ s_o conditions.

• _,_

Typical _,-_ta plot_ frc:_ the ignition to=to are ahomt in Figures 23 through 26.

The vcatt_red nature of the d_ta sho_o ueing ,the value of 8tati0tical me,hods to

identify trends ¢_,d patterns in l_n_t£on teat dat_. _,,

3-38

00000002-TSD06



A-_O80
VAN '

• - II,YIItI'IIR4TIIW--

)

_. z_. -
ul Q

=:}

W_
_W

O

_ -

-W -..= _ Z L_
.:::1 '-'-'• o:_ -

....I i_. _ =w - ""
,,--, _ _-n. -

_- .

]

3-39 Fisu_ce. 22

00000002-TSD07





Recognition of condensed phase explosivna as an important type of ignition over-
pressure and the subsequent establlot_enc of low C_perature l_its (end the
_ervice Module change from Aereztne-50 te I_IH fuel) resulted in clf_in_tio_ of
this phen_nenon as a cause of mysterious d_ma_in8 ovorproesuroe and provided
confidence in satisfactory ignition performance during the Apollo mioolene.

During much of the program to develop the Apollo reaction control engines, engine
test firings were made at test cell prentice _4_lch wore high compared to these
used during the leter parts of the pro_;r_. One of the is.crete leeding to the use
of lower test cell pressures (bel_ 100 microne)_vas the occurrence of injector
manifold explosions whc.:n engines were fired repeatQdly at much higher cell pressures.
These injector 1aenifold e_plosione caused a characteristic pressure rise in the
output of pressure trensducers located upetre_n of the e_gine valves ir__Che propel-
lent feed lines. In some c_ses the £r_Jector manifold exptesions caused damage to
the test engine injector or to a prol_ll_nt valve. The first clearXy rece_nized
ease of engine deme_e due to en injector manifold e_plosion was qual£ficatio_

) Engine B whose valve seat was d_eged by en injector m_uifold enplo_ien co that
it subsequently _me unable to properly _eato (The resulting leek cooled the
combustion chamber of the engine end resulted in an ignition everpresoure which
damaged the combustion chamber).. Subsequent study of the injector m_nifold
exploalon phen_nencm oho_ed that the injector manifold e_plosions _ere caused by
acctuuulatiens of one propellant in the injector pau_s_e_ intended for the other

propellent. These occunulations occurred .when the te_t c_ll pressure _as high ,.
enough to prevent no_maI botlin_ end eye, oration of prop_llants durin_ Ch_ _hut down
transients at the end of an engine firing. _en the engine _as subsequently
reignited with an _ccu_ulatien of one propellant in the p_eseges for the other
propeIlanC, the confined r_action produced undesirably high pressures.

;4hen the first injector mentfold _plesione sere observed, a rash force u_ set up
to determine the causes of injector menifold _plo_teae, their,f'_equency of
occurrence, the nature of the associated phyaicel _nd ch_nical processes and,
_inally, whether they vould be expected co occur during mteelene in space. The
investigation consisted of laboraCery _periments_ engine te_te end supporting
analysis _nd ehe_ed that injector m_ntfold _plosions could not occur at the low
ambient pre_sure_ typlcal of ep_-ce operation.

The first portion of the investigation of injector manifold _plo,£cus was a
review of ave/labia to_t data to determine if injector m_nifold e:_plooiens could
be detected in c_suu _hcre no d_ge to the en_llne h_cd_y_e occurred. A rev£c_
of en_in_ test d_ta eho_wd thot the px'eo_uret_._d_e located in the pr_pel-
l_t _pply lines did tv,l_d ec_tfJuee _hc_¢ a pvculic_ pressure iron.lent that

might be attcibu_c_ to v_.ploo._._s _t_hin th_ ro_Ic.t en.q_to inJ_cter.

.*
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The pressure tr_m,_ucers normally u,ed at the time for measurin8 propellant supply
pressures were Tuber trm_educcrs located in the propellant by-pass lines u,ed £or
recirculation of ?_ope.ll_nt ducin_ temperature eondtttouina. This _rrenzment te
sho_u in Figure 27.. Zn on effort to lmprovo the fveqUency response of the transient ,
pressure measurement and to _ain more ln_ormation about the _ature of the injector
manifold explos£on,_ a propellant supply system was lnstr_onted with hish re_ponse
lCistlor piezoelectric pressure transducers (I_odel 601H) located within a few inches
o£ the enaine lnlc¢. A test pco_.c_ was conducted to determine £_ inject.or manifold
explosion would occur _nd _hat their characteristics were. The test prosrm consisted
of a number of enS,_ue ftrinss at enc£no injector temperatures rennin8 from 25°F to
lI0°F with test ce.ll pressures r_nsir_ from 0.03 to 10 psia. ¥1_ure ,28' provides a
comparison beWeen the normal pressure tronsients in tho propellent o_pply lines
and the pressure transients associated with e_plosions within the injector passages.

A study of the data from these eusine tests ou_&ested to members of the task force
that explosto.s _re occurring in the injector passages. An analysis _as performed
to determine the mr_nitude of internal injector pressures required Co produce the
observed propellar_ feed system trensien_s. The analysis was based on th_ asst_npt:Lon

) that the pressure transients propagated through the injector end valve within these
internal pass_$es.. Application of _ater h_er analysis showed that the observed
200 to 300 psia f_d system pressure rises must be associated with pressure transients
of the order of 10_000 psi at the propellant valve seat and perhaps even higher values
if the source of _he pressure transient were further downstrecm in the injector.
Such high pressure_ could only be caused by e_ploeions confined within the injector
passages and the c_sk force effort was therefore focused on explaining how such
explosions occurre_t.

Since moat of the injector manifold explosions occurred in the oxidizer side o£ the

engine and since _he oxidi_er (N_0_) is not known to decompose explosively_ it seemed
apparent that ec_u_how fuel was b_Ing transported into the oxldiz_r passages between
firings of the er_Lne. In order to verify the hypothesi_ that the observed phenomena
_ould be caused bT the transport o£ one propell_nt into the passages of the other
propellant, feel _-_s purposely placed within the o._id_zer paos_es of an injector
prior to open,as _.h_ oxidizer vulva. The fuel smnples (hydrazine, Aerozine-50 and
UDMH)were placed _t various locations within the _njector using a hypodermic needl.e.
The test persenne.T_ then retreated behind a barricade and electrically actuated the
oxidizer valve while _ecordin8 the output of a Kio_ler pressure transducer located
Just upstre_n of the valve. The pressure transien_o measured by the transducer _ere
Identlcal to _hoe,_ previously observed durln_ e_Ine testing and suggested that the
"injector m_nlfol_ _cploolons" were indeed canned by tran0port of one propellant
into the pass_,_es normally used by the o_her. An Intensive _n_ytlcal study _a_
then uuder_alc_n t_ d_termine the conditions m_der _hich such transport might occur.

3-62

O0000002-TS D10





COMPARISONOF MANIFOLDPRESSURETRACES

300

275 " I ___./_ ' ' '

' 250

225 ....

.... BN_I'L200 "l ,

150 .HANIFOLD_

125 PRESSURE _ ---NORHAL

-4,0MsI-.-
100

n o,nL,, i . I

TIME "-

SO0
INDUCEDPRESSURETI_H.SIENT ,'

275 ,,--------

250
/'/

225 "
/

/

2O0

175

150 OXIDIZE
HANI FOLD

125
EXPLOSION

100

o -'_I'o.sl--- ____
TIME l

3-44 Figure 28

00000002-TSD12



rcluard!.,..,.,,.,o,.,,

1

The analyses studied the dyn_nics of the injector emptying process _fter a pulse
firing, the possible phase transformations with the pro_llant oystcm being used,
the_processes of condensation and evaporation of propell_nte with the englfle, and
the possibility of propellant valve leakage Causing deposits of propellants at
various locations within_the engifie. The analyses shewed that although propellants
might take several hundred milliseconds to empty from the engine injector they con
never acc_nulate in the wrens aide of the injector unless the preouure within the
engine test cell ie high enough to inhibit this free evaporation at normal rates

!: for space operation° The analytical studies also showed that the internal engine
pressures aseeciated with propellant valve leaks (less than l,O00 co'6 of propellant
per hour) were such that propellants would not be deposited in the wren8 parts of
the injector.

Based on the analytical studies a plot was prepared giving, as a function of injector
temperature, the cell pressure level required to alloy accumulation of one pro ._llant
in the other prop e_ll_tt ' e passages. This plot, shown in Figure _9 .,w_s based on
the propellant's vapor pressure properties. Analysis of available engine test data

showed that all the injector m_niY_old explosions that had been observed occurred attest cell pressures above the lowest line on Figure 29_ and that injector manifold
explosions had not been observed with test cell pressures below the lc_at line in_
Figure 29_:

The _reement betweeu the analytical predictions and the observed pressure regions
where injector manifold explosions occurred was encouraging because it showed that
th_s phenanenon would not be encountered d urins operation of the ensine in space.

VII. CONCLUSION

One of the important features of the Apollo Reaction COntrol Engines is their ability
".o provide reliable ignition over a wide r_nBe of pulsing duty cyclea. This capa-
bility was developed as the result of extensl,_'e tenting and annlysis t.o document
engiue behavior end to understand the factors affectln8 space ignition° In addition
to the engine configuration and t_nper_ture control techniques that provide control

, of ignition pressure m_nitudet the _gine develo_nt pro_r_n provided techniques .
for measuring ignition trcnolents, for simulating apace operation during engine
_round tests _nd for handling and interpretiu_ large _mo_nts of i_nition test data.
Progress Yes m_de toward understanding the basic processes involved in space ignition
and the tnJcc_r _ntfo_d _lo0icu_ thnt c_ occur during 5round t_ottnS at
elevated cell preaoure:. The hno_l_dge _inod durin_ the Apollo Ec_ctton Contwol
Engine d©velo_ont prosrr_ ohoul_ provide a v_tu_ble contribution to r_c, kot tech-
nology _ud to _,_ _vel_nt of future rce_ttc_ c_ntrol c_gine_.. _ .

o' 5
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I. INTPODUCTION

The R-4D englnQ is a pressure fed blprope_nt rocket engine used for
att:It._decontrol or AV applications. Mast space missions require that the engine
9pectateafter mar_ymonths in space. For exa_le_ on Lunar Orbiter II th__propeL_-
ants had been pressured for 338 days before the last engine firing that transferred
the vehicle to a moon crashing orbit to end the flight. During ground tests with
bladderless tanks_ the effects of dissolved or entralnmd gas on engine operation were
discoVered. First the oxidizer flow did net repeat from test to test after the oxid-
izer had been pressurized for seve_l hours. Second t thrust'_oscillatlons occL_red
if the propellants contained entrained er dissolved gas. Beth of these problems do
not occur in flight because the bladders protect the propell_nts. The chapter dis-
cusses _rquardt's test experience _Ith propellants ccatalulng the _ressurant gas.

D
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II. ,ISTORICALREVIEW

At the start of the development program the test facilities d_d not have

%he capability5 of running _th either hot or cold propellants. Around August of

1963 Cell 6 ,_asmodified so that the propellant temperatures could be controlled

between 30a and 120°F. With hot propellants the oxidizer flo%u_rate would v_ry from
run to run even though the test c_dltlons remained the same. In genoral t the flow
would decrease from run to run and it seemed to be connected with how long the pro-

pellants had been in the run tanks. Also, when the propellant tanks were refilled

the flow ._te would return to the expected value.

The problem w_s solved by installlng a float in the oyllndrical run tanks

(6 in. dia. X 18 in. long). Apparently nitrogen gas dissolved in the propellsmts
wou]od come out of solution either in the flow meter to give an error in flow measur-

cent or in the injector head. The float eliminated this because it decreased the

surface area between the propellant and the pressurant gas and consequently the gas
could not dissolve in the propellants as easily. The float _ms a flat cylinder
whose diameter was a little--smaller than the diameter of the tank. It was made

from stainless Steel with a honeycomb center so it would be light enough to float.

Sometimes a float would sink after it had been in the oxidizer tank for a

I while. When this happened_ the oxidizer flow would vary from run to run in unpredic-
table manner. Figures i and 2 Show the injector pressure drop vs. flow correlation

for a test where the float was working and where the float had sunk. There is Very

good agreement between pressure drop and flow with the float and poor correlation

without the float. In fact, the poor flow repeatability _as used as an indication
that the float had sunk. Whenever it was noticed that the oxidizer flow rate _

not repeatable a check would be made on the float. In almost all cases the float

would be sunk. _j

Dissolved or entrained gas in the propellant also caused thrust oscillation

to occur. This first occurred On the PFRT (October 1964) program with nitrogen.
During acceptance testing of the first two engines, nitrogen gas/was introduced into

the propellant by a new and improper operational procedure. The thrust load cell is
calibrated in the test facility by applying a calibrated force Of 100 lb. on the

thrust cell with the nominal propellant pressures at the engine. Previously the .

propellant tanks are pressurized to the nominal value to duplicate the pressure at

the engine. For the first acceptance tests of engines 1 and 2, however_ the lines

were pressurized by applying the run pressure in the purge lines. A bubble of nit-

rogen gas %_s trapped in the purge line (30" of 1/4" llne) which then could enter

the engine along _cith the propellant. The procedure _s changed so that the propell-

ant tanks were pressurized during the thrust calibration. This eliminated the os-
cillation until they returned _hen tests were made with warmer propellant later in

the progrsm.
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The engine (PRFT #I) again oscillated when the propellant temperatures were
above 90°F. Because the one cause w_s gas in the propellants the test facility was
Checked for nitrogen gas leaks. No leaks were found. However, we also knew from
_st experience that nitrosen gas could dissolve in the propellants. One way to
eliminate the di _solved gas is to heat the propellant while venting the tanks6 At
the higher temperature (I00°) the gas is driven out of solution. The propell_nts
were degassed this way and the thrust oscillations were eliminated. The rest of
the PFRT test with warm propellant were conducted with degassed propellants.

F_gure 3 is a typical example of the thrust oscillations. The _gnitude
is 40% of full thrust at a frequency of 350 cps. The chamber pressure instrumenta-
tion is designe_ for stea_y state operation and can not follow the oscillations.
The engine has never been damaged by the oscillations. Performance sometimes de-
ere_ses but with the thrust oscillating it is difficult to measure performance.
The engine does not run hotter.

After the pP_WTexperience, additional tests were run with purposely satura-
ted propell_nt in an effort to understand the problem. Also_ oscillations occurred
_Ith ambient propellants where the float had sunk and where the float _s working
but the tanks were pressurized for a long period of time. Table I tabul_tes the
engines and general ccaditions _-here oscillations occurred with nitrogen gas as the
pressurant gas.

The thrust oscillations were not considered a seriou_ problem because the engine
wa_ _ot damaged by the oscillations, the flight tanks would have bladders that
would protect propellant from the pressurant gas, and the pressurant for the flight
wauld be helium which is not as soluble as nitrogen.

However, about two months before the start of the qualification program
Marquardt was directed to use helium as the pressurant gas and to run with helium
s&turated propellants during the Qualification Progrsm. Because the engines eharae-
terlstics with helium saturated propellants were unknown, a small program was con-
ducted to investigate engine operation with helium saturated prope__lants_to develop
saturation techniques_ and ways of determining the saturation level. The first 3
engines in Table II are the three engines tested with helium saturated propellants
during this program prior to qualification.

Partly because of the results of this program, oscillations did not occur
at nominal O/F or thrust, but primarily because the overall program schedule was
not long enough to permit the development of saturation techniques and complete
the qualification program on schedule, the qualification program _s conducted with
unsaturated propellants. Helium was used as the pressurant gas but a limit was put
on how long the propellant could be pressurized and on-.the tank level since it had
been lea_u_edthat both had an effect on the occurrence of thrust oscillations.

The engine suceessfull_ ccmpleted the qualification program without any

) oscillations.
:'
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TABLE I

NITROGEN TESTS - PFRT

._NGJ2_E Affb TEST DATE CELL RUNS PROPELLA_S REHARKS

X21424, SIN 0002 10/26/64 1 8710-11 N2_O4-_A50 Due ¢o _2 in bypass line.
PFRT AccepEance Test ,, ,

t

X21424, S/I/ 0001 10/31/64 I 8712-8722 _4-A 50 Due to N2 in bypass i£ne.
FF_ Acceptance Teat f

X21424, S/N 0001 11-1 to 1 8723-8743 N204-A 50 Due to _2 in bypass line. Induced
]b_tability Invest. Test 11/2/64 by intro_uclng GN2 into propellants.

][21424, S/H 0001 11/21 to 1 8822-8870 I_204-A $0 oscillated uith propellants 90 °
Appendix * - Caltb. Tests 11/23/_ or above Desassed for £irst time.

](21624, S/N 0001 11/23 to 1 8871"8958 N204-A 50 Oscillated on one pulse run (8881)
Appendix B - Pulse 11/2$/64
Operas Ion Survey

X21624, SIN O001 12/2/64 1 9004-9015 SzO4-A 50 Tp = 95°. . Degassed 2.0 to 2.5
Appendix hours before oscillatlng runs.

O A" Ca llb. Test

X21624, SIN 0003 6120165 1 11159-11191 N20&-A 50 (11188) Float sunk
Appendix A - Callb,....Test _

X21624, SIN 0003 4/_1 to 1 _ 11192-11275 N204-A 50 Float sunk
Appendix B - Pulse 4/22/65

OperaTion Survey _ ,
t

X21626, SIN 0003 4/22 tr 1 ' 11276-11289 N206-A _0 Fl£a¢ sunk
Appendix N - Direct coil 4/24/65

| a

x21424, SIN 0003 ; 4/24/65 1 I 11290-11291 N204-A 50 F!oat sunk

Appendix W - Hissionj _, l
b'ty Cycle . [

t

i X21424, SIN O00) 4/25 to 1 { 112.o2-11322 NzO4-A 50 _loat sunkAppendtx A - Calib. Test 6/27/65
t

t

I

, /

©
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TABLE I (continue.d)

NITROGEN TESTS- PFRT

ENGZNEANDTEST DATE CELL RUNS PROPELLANTS REMARKS

X21424, X/N 0003 4/27 to I 11323"I1325 N204_A 50 Float sunk
Appendix-N * M£ssion 4/28/65
Duty Cycle

X21424, S/N 0003 515 to I 11938-11975 N204oA 50 IIotPropellants. Degassed
AppendlxA - Callb. Test 517/65 and did not oscillate.

trIzaOC_ TESTS - ACCEPTANCE

227486, SIN 0007 2126165 1 10308-10317 N204-A 50 No degassing
Acceptance Test

227486, SIN 0012 2/26/65 6 7378-7386 N204-A 50 N2 leak
AcceptAnce Test

O 227486, 8/N 0020 3/25/65 1 10459-10467 N20/,-A 50 Degassed two hours, 35 miu.
Acceptance Test before tun.

227456-,. 5/N 0024 4/10165 6 7494-7505 N204-A 50 Degassed two hours before run.

227486, 5/N 0022 4/12/65 6 7506-7515 N204-A 50 l)egassed three hours before run.

228687-517, S/N 0560 10/25 and 6 N204-A 50 Float sunk
10t27/67

228687-517. S/N 0560 11/10/67 6 _O_-A 50 Float sunk

228687-517, S/N 0551 11/15 to 6 N204-A 50 Float sunk
11/16/67 /

705762 11120 to 6 N204-A 50 Test to study time under
R, m SO22-O0_ 11/27/67 _ressure required to make

an engine.dsci|late.
W

!

O
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TABLE I (cont.)

NITROGEN TESTS - PFRT

._GII_AHI) T_ST I_TE CELL RUNS PRO_LL_trtS _R_S

T-11042, S/N 0001-4 12118164 6 6555-6586 H204-A-50 Bubble N2 through propellants.

T-11043, SIN 0001-1 12/31/64 6 6649-6663 N204"A*50 Bubbled N2 through propellants.

_-11400, S/N 0001-11 1/7/65 1- 9943-9963 N204-A-50 I00 ° not degassed,

T-I16065, SIN 0001-5 5126 to I - N204-Ao50
DST Test 6/2/65

228390-501, S/N 0001 3/29 to Pad D * ll20&-A-50 Propellant purposely saturated
• lLaa_rDatbtter qual¢£i- 11/8/65 at two levels by bubblinS.

cat,on Test

,k

0

0

; __-- _.7. -..... _- .--.=,, _ _.=._,, ............... "_'_ . . ..:_t.J:'r:_ _.,i ----__...... __ ji ....... -

...... " ..... _ di ,,I , • ....... |
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TABLE II

HELIUM TESTS

I • iii i.i 7 ]_ I f _ w Tim I ,M ...... i

_ l_Zl_ AND TEST DATE CELL RU_$ PROPELLAntS REMARKS

X228439 7/8/65 1 N204-A-50 First test with He saturated
propellants, _o oscillatlons

T-1228S, SIS 0001-I 7/12 to 1 Lo301 N204-A-50

Fre Qua1. 7/30/65 ; ,

z-123_,s/. oooi-1 1 .2%-A-5o ,
Nelium EEEea_e i i

i

T-12321, S/N 0001-$ 5/15/66 6 10484-10_87 N2_-50 Bubbled, no oscillation
Contoured Valve Seat.

T-11606, S/N 0001-15 7/13/66 1 3453-3471--- N204-A-$O Bubbled He at 400 pete. No
oacLllation. Englue orlflced

, for an O/F " 1.6.

T-I&200, S/. 0001-7 8/24 t_ 1 3608-3700 _tzO4*l_{
._ DST Test 8/26/66

_ APOLLO SVPI'LEME.'r_L Q_AL

228686-501, SIN 00_9 10110166 1 3967-3987 N204-1'_IH Unlaturated propellants.Hot Calibration

228686-501, SIN 0236 10115166 I 6073-_092 N204-1_11 Unsaturated propellants.
Ifot Calibration

228686-501, SIN 0049 10/12/66 1 A015-4032 N206-N}Oi , Saturated by bubbling.

Ambient calibratLou. _ ;

228686-$01, SIN 0234 10/16/66 , 1 A096-6110 N204-l@gl_ Saturated by bubbling.

/_btent calibration_ i /

228686-501, S/N h;_3& 10/20/66 _1 &316 N204-HMii, Propellant stored st 180 pst8

Orbit retrograde I , helium pressure for 8& hrs.

t Did not oscillate

228686-501, SIN 0234 10118166 ,1 4111-4203 N2OA-I'Q4N Bubbled - did not oscillate
Ntssion ambient. _ "

228686-501, SIN 0234 10/19 to 1 4204-6299 N206-MHH Bubbled - did not oscillate
_4LtlliOQ hot. 10120/66 /

.... / • , l,. .o, |,, , ml

/

!

0

4-10

o,

O0000002-TSF05



4_

TABLE Xl

(Continued)

HELIUM TESTS

_I_^_sT m_ c_L R_s P_OPELm_TS

U_ S__qVAL

228686-501, SIN 0331 12/29/66 I 4773-4793 N204/A-50 Saturated by stirring. No
Cold calibration oscillation.

228686-501. S/N 0261 1/17/67 I 4949-4969 N2_A-$O Saturated by stirring. No
Cold Cal£br_ tlon oscillation.

228686-501, S/N 0261 1/14/67 1 4926-4928 N204/Ao50 Saturated by stirring. No
HisS/an abort oscillations.

228686-501, _/N 0331 11/29/66 1_ 4597-4613 .N204-A-50 Saturated by stirring. No
Ambient calibration oscillations.

228686-501, $/N 0261 12/1/66 1 4641-&658 N204-A-$0 Saturated by stirring. No
Ambient Calibration oscillations.

228686-501, $/N 0261 1/9/67 1 4817-4827 N2_AT.50._ Saturated by stirring. No
Ambien£ calAbratlon oscillaf_Jlmt_ .

228686-501, SIN 0331 12130/66 I 4794-4810 N204-A-S0 Saturated by stirring. No

O Ambient :alibration oscillations.
228_-501. S/N 0261 1/18167 1 4910-4986 N2p4_A_5 _ .. Saturated by stirring. No
Ambient calibratio_ oscillations.

228_6-501, S/N 0331 12/26/66 1 4755-4771 _204-A-$0 Saturated by stirring. No
_bt calibration oscillations.

228686-501, S/N 0261 1/16/67 1 4930-4946 N204*A-50 Saturated by stirring. No ,
_bt _llbratfon. oscillations.

,/

/i;'
I
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.- " After the Qualiflcatica program a saturation technique was developed. To
saturate the propellants the tanks are pressurized to the desired pressure and
Slowly stirred for a given amount of time. The amount of gas dissolved in the pro-
pellant is determined by freezing a sample of propellantI exposing the frozen sample
to an evacuated volum_ recording the pressure increase in the volume and identifying
the gas constituents. JPL conducts the analysis in their laboratory. By running a
few controlled tests, it is possible to determine the stirring time required at a
given pressure to reach the desired saturation level.

Another method used to saturate the propellaut was to bubble the gas through
the tank fram the bottom. The disadvantage of this technique is tha_ it may super-
saturate by leaving entrained bubbles in the propellants. This technique was used
during the test just prior to the Qualification tests and during the Lunar Orbiter
program. It was also used after the Qualification program before the stirring tech-
nique was developed.

Two formal programs were run after Qualification with saturated propellants.
The Service Module NMH _upplemented Qualification test with bubbled propellants and
the Lunar Module A-50 Supplemented Qualification tests with stin-ed propell_nts.
In the Service Module test oscillations occurred. But it is felt that the oscill_-

tions were due to entrained bubbles in the propellant rather than just satureted

D propellants. No oscillations occurred during the Lunar Module tests.

To_ all Apollo testing is done with helium pressurization except for
the acceptance tests which still use nitrogen; since the engine performance is the
same _rlthboth and the tests have always been run _rlthunsaturated propellants.

The only steady state testing done with a known level of helium saturated
propellants has been on another program. The results of these tests have lead to
a conclusion that the engine will oscillate if the amo,Autof gas that comes out of
solution exceeds a certain value.

III, THRUSTOSCILLATIONS

Dissolved or entrained gas in the propellants may cause thrust oscill_tion_.
This was first dlscuvered during the PFRT progl_m when a test facility operational
error introduced nitrogen into the propellants. Since that time many tests l_ve
been run to understand under what condltions_ with either nitrogen or helium as the
pressurants, oscillations occur.

A. Nitrpgen

Tabulated in Table i are those engines that have o_cillated with nitrogen
as the pl_scuraut. _ne results from these tests are reviewed below in some detail.

4-12
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PFRT Tests

During the acceptance test of PFRT engines 1 and 2_ thrust oscillations

occurred (Run 8711 for engine 1 and 8713 for engine 2). The cause of the oscilla-
tions _as that nitrogen gas _s mistakenly being introduced into the propellants

(FMR's 279-056 and 054). The oscillations were duplicated on Runs 8723-8743 by

purposely injecting nitrogen into the propellants.___y of the oscillograph for
the two eases is shown in Figures 3 and 4.

During calibration tests with warm propellants (90° or greater) the engine

oscillated again. Tabulated in Table lll are the runs from 8826 to 8867 showing the
test conditions. Several ec_clusions were reached from this test. One, if the

propellants were hotter than 90 ° the engine would oscillate, but if the propellants

were degassed by venting the tanks when the propellants were hot, the engine would

not oscillate_ Also, %he oscillations were somewhat random in that the engine did
not always oscillate with hot propellants.

During this time period the main propellant storage tanks were kept at a

pressure of around I00 psig so tP_t the propellants were already saturated to this

pressure when they were loadedlinto the run tank. Furthermore these specific tests
were run during the w-a/_terwhen the propellants were cold (40°-60 _) and they could

absorb more gas. Consequently it %ras postulated that it _n_s necessary to degas

) hot oxidizer to drive out the gas absorbed dt_Ing storage and also any gas that was
absorbed while the propellants were in the run tanks .....

Engine No. 3 oscilldted with hot propellants (Runs 9007 and 9008) even

though these propellants had been degassed. However_ the time between degassing
and the runs was ft.5 hours. It _¢as felt that 2.5 hours under pressure was enough

time for the propellants to become saturated enough to cause thrust oscillations.
!

Engine 3 oscillated during the period from April: 21 to April 28, i%5.

After the test_Ig on the 28th_ thelfloat was found to be 'sunk and it is thoughtthat the oscillatiohs that occurred on theoe runs were because the propellant be-

came saturated ver__ _luickly withou_ the float to act as _ barrier betu,;eenthe pro-

pcllant and the pressurant. {
!

Engine No. 3 oscillated with hot degassed propellants d_u_ing the calibra-

tion tests; Runs i1955_ 11956, 11959 and 11960. _lis test showed that with hot

propell_nts (100°F) and the float installed, the propellants bmcame saturated enough
in about an hour to c%use oscillations. _%ro sets of m_ were nade. after degaz_i,_.

They are %_bulat_d below. _,
/
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THRUSTOSCILLATION DUE TO NITROGEN GAS PURPOSELYINTRODUCED

INTO THE ENGINE

,4-IA Figure 4
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•"....... TABLE Z1.I

WARM PROPELLANTTESTRESULTS

U_E_kSSED DEGASSED (ox zer !
Refill Refill

Stable Unstable _O T>_ B_,Tassed Tanks Stable Unstable T'.:90 T>_90 Bypassed Tsnks

_8_6 x No 8857 x I_
,-827 x No 8858 x

8628 x No 8899 x
88_.9 x No 886o x
8830 x _o

8831 x _o
8832 X No

8_33 X No. DEGASSED - Tank heated to 100°P with no tank
_83k X No _ pressurization and let set. -Pressuriz¢
8835 x No and cooloff to run.

8836 x No
883T x l_lel x Ox No

8838 x Fuel x Ox No
8839 x Ox X Fuel No
8840 x Ox x Fuel No

88_I x No
9..._2 x No

. ii

5S_-3 x No
88_4 X Yes,
88_5 , X Yes

88_6 x _o
BS_T x No
88_,8 x No
88_9 x Yes
8S,50 x Yea

8851 x No
8852 x No
8853 x No
8Bp, x No

_55 , x No
B_56 x No

"8861 X NO -- *Probably degae,sed propellant¢ as £anks
"886_ X No were relosdecl a: ter on_-_hree 5 second ma,s.
*8863 X No Iris normally done after 7 or 8.

5565 x No
_56_; x No
5567 x No

" _ ,,, .... ml ilm,, m ! I l I
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an Sequence l
_egascomplete at 18:25

coments

 952Iisee., 18:32  ormal hrust

11953 see._ 18:_2 Norn_l Thrust
_954 see._; - 18:55 l_orma_Thrust
11955 see._ 19:0_ Slightly unstable
11956 sec.1 ; 19:24 _ighly unstable

Run Sequence 2 _
Degas ccmplete at 20"_17

Run T_me Comments

11957 • 20:28 Normal Thrust
11958 I 21:17 I_'ora_. Thrust, ,

11959 t 21:32 Slightly unstable

11960. , 21:40 Highly unstable

Deve!o_ment Tests

Special tests were made duxing the development program'wlth purposely
saturated propellants, Also some engines oscillated because the propellants became
sat,_ratedduring the nonu_l testSng.

' #

The pri_ ob_ectlve of this test was to detdrmine the thermal character-
istics of the PFI_ engine with a ipyro_ic graphite chamber seal. At a part of this
test three 80 second runs were m_ie with propellant that had nitrogen gas bubbled
through it for i0 minutes. For _ne run the oxidizer _s bubbled, for another run
the fuel _az bubbled; the thizd both propellants were bubbled. The results a_e
tabulated baiow.,

,! /
_gm_., propellants Bubbled/ Comments

656R_ _ Fuel , I_ormal
6585 I Oxidizer / Oscillated
65_. i Both Oscillated

/

During the bubbling the tank pressure was m_intained,above the run pressure.
LO Befoze the engine was fired, the propell_nt_ were held at the run set pressure for

5 z_nute_. " .
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When the oxidizer was saturated or both propellants were saturateds the
engine oscillated at 350 cp_ _Titha peak to peak amplitude of 25 ibs. When the
fuel was saturated the engine did not oscillate.

T-11C_!3,S/N O001-1 12/31/64 Cell 6 - Runs 6649-6663

The primary objective of this test was to determine at what saturation
pressures the engine did and did not oscillate, The pro_el_nts were saturating
by bubbling nitrogen thrOugh them at pressures of 1003 140_ 170 and 200 psia for
i0 mdnutes. Each propellant was saturated separately and then both together for
a total of 12 runs. The runs were m_de at the normal tank pressures (190 psia),

__engine did not oscill_te on amy of these runs.

_Rma_ Bubb lin_ Pressure Propell_t Resul.ts

6652 140 Oxidizer Normal
6653 170 Oxidizer Normal
6654 200 Oxidizer Normal
6655 i00 Oxidizer Normal
6656 140 Fuel Normal
6657 lid Fuel Normal
6658 200 Fuel Normal
6659 100 Fuel Normal
6660 140 Both Normal
6661 170 Both Normal
6662 200 Both Normal
6663 200 Both Normal ,

This engine was a little different than the norm_l PFRT engine. Instea_
of 8 coolant holes for the preigniter and mln chamber it had four fuel coolant
holes for the preigniter and four for the chamber. Also the pressure drop across
the final fuel orifices had been increased by i0 psi by decreasing the fuel
doublet diameter, ,/j

In the pre,rious test with e,_-ineT-1104_°-,OO1-4the'rew_ a five (5) minute
wait after bubbling before the run wa_ made. In t_is test the/run wa_ made witlhin
a few minutes of the end of bubbling.

T-lid00, S/N 0001-11 1/7"65 - Cell I Runs 9943-9663

The objective of this test w_s to determine engine pe1_ormance. _%_ee
runs oscill_ted with hot ur_degassedpropellant. The oscillating runs occurred be-
tween i-2 hours after the taD/_shad been pressurized which was siEdlar to previous
experience during PF_.

t

t
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-" .m.6oG, op01.. 5/e6/65to 6/3/ 5 OQll1
Runs i_O16 to 12,097

As part _,fthe D_T test, prior to qual, a series of runs were made to
investigate the affect of time from 6egassing to run, propellant temperature sad
tank level on th_ occurrence of thrust oscillations,

_bulatad on Table '_V are the spaci_l tests made to investigate the time
level, and temperature effect. _

With pr_pellant temperatures of iO0° the engine oscillated if the run was
m_de more th_n 3/4 hour after degassing. The propellaats were pressurized to the
normal ta_k pressure right after degassing. Note from the table that usually four
or five runs were m_de from c_:edegassed load of propellants and that the engine
usually oscillated on the fourth or fifth run which was 3/4 to 2 hours or more after
degassing. The tank level at this time was also generally about 1/4 full.

There is a general belief that tank level also has an effect; that the
engine will oscillate _-Ithsaturated propellant if the tank level is low. This is
indicated by the fact that most of the time when the engine oscillated# the tanks
w2re only about i/4 full. However, several runs indicate that this is not always

O true. Runs 120313 12071 and 12074 oscillated _-iththe tamk more ths_ i/_ full.
Most of the runs during this test were with I00° propell_ut. A series of

four runs were made _zith80_ propellant. The l_st run of the series made 1.5 hours
after degassing, did not oscillate. This seems to indicate that 80_ propellant
does not become saturated as quickly as lO0_ propellant or does not become_saturated
enough to cause cscillations as rapldl_,as the I00° propellant.

Acceptsmce Tests

All engine acceptance testi_ is done with nitrogen as the pressurant.
Several engines have oscillated during acceptance test. These engines are tabulated

;. in Table I. Each engine passed a later acceptance test after the propellants were
degessed.

Serial number T oscillated when the propellants were pressurized 4.75 hours
before the run sad the propellants had not been degassed.

Serial number 12 oscillated because there _as a nitrogen gas leak into fuel
during the engine run.

Serial numbers _!0,_ and _4 oscillated after the prope_ant tanks had
been pressurized for 2-3 hours before the run.

Serial n_nnbcrs560 snd _51 oscillated because the float had sunk. A failure
investigation (FMR 50_-00_) tl_t used engine T0576_ showed that if the tan_ were

O preszurlz_d for i hour without the float, the engine _;O_CLdoscillate.

4-18
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"""---.. TABLEIV

EFFECTOF TIME, PROPELLANTTEMPERATURE
AND TANK LEVELON OSCILLATIONST-11606, S/N 0001-5

, i T_e _am Lovol.

i

12018 5 Unat_ble 100 3,5 i 28.
12-019 5 Stable 100 D_ not de_z _8.6
12020 5 Stable 100 Di_ _ot dega. 56.8
]._t_.i 5 Stable i00 25 mln. 32.1
_0_2 5 S"_blo ZOO 1.25 30.6
12023 5 Unstable I00 1.6 27.6
12024 5 Unt_table ' ZOO i.8 25.6
12025 5 Unstable i00 2.1 23.6
12026 _ Uns1_ble i00 2,5 21.3

12o27 5 s_6ze zoo .75 4T._
12028 5 Stable I00 i.O _4.A
120"_9 5 Unstable ZOo _.1 _1.7

O 12031 5 Unstable i00 1.0 _3.512032 _ Uns1_sble 10D------ .1. 5 28.O
o

_o33 5 B,=z. zoo zo=_, _t.3
1203_ 5 Stable i00 Z:0 34.1

12035 5 _ St_bZe i00 1.3 28.2
t 12036 5 • U_table ZOO Z.6 P-l.9

12037 5 ',Stable I00 '.5 _5._

•' _o38 5 ,St,_Ze zoo !._ 3_.o
1_o39 5 ' 81_bZe i00 l.O _6._
z_o 5 U_bze zoo _._ _o.5

i: =,o_z _ _ta_z. zoo _o1:6 _._._0_,o 5 BtabZe Zoo 33.
; 120_3 5 _tabZe ZOO !i.5 _T.6

I?.O_ 5 _n_tabZe ZOO / _.0 _Z.9

/'L IP-O_5 5 BtabZe lOt) .5 39._
120_6 5 8'1_ble i00 / .75 _6.3
1201_,T 5 Unstable. zoo _ Z.Z 20.8

=oo_ _ _ 1oo / _ _o._
_9 _ sta_z, zoo / z.2 _8.3
_2050 5 Unstable Ioo ,' 1.9 22.0

!
/

0 ,
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TABLEIV (continued)

EFFECTOF TIME, PROPELLANTTE/_PERATURE
AND TANK LEVELON OSCILLATIONST-11606, S/N 0001-5

...................... .

12051 5 Stable I00 •3 _, 7
i_052 5 Btablo 1OO .9 30 •
12o53 5 Un,table I00 1.0 _4.3

1205_ 5 Btable I00 •$5 _. 8
_o55 5 StabZe Z00 •5 3o,_
_o56 5 s_ zoo .'t5 _._
1205"I' 5 Unstable I00 .8 18.0

_eo58 5 Stable ZOO ._ 43.8
1_O59 5 S_ble IOO •5 30.8
_eo6o 5 stable zoo •7_ z__6
12061 5 Unstable i00 1.0 18.3
12062 5 Stable 80 1.75 - 1_"r-"JmPUlse

_bes, Tanks

%'en%_b:l,
12063 5 Stable 80 2.0 -ITcm Pulse

Tubes

5 StabZe 85 _ - z_._e Tu_e
I_O65 5 Stable 89 _ .-
Z2066 5 Stabl_ 85 ? -
_o67 5 Stable 8._ _ . ,
12o68 5 s_b_e 89 _ -

/ .

' 12069 43 Stable 85 0 40.5

l.u-q)'l'O 46 Sta_le 100 o h-l.7

_on _o U_tabZ,, ZOO _, ss._
/,

i l,_ooT_ _0 Stable I00 1,_ • _5 _'7
f

12073 _0 Stable IOO 1.0 /46.6

1207_ 60 _table IO0 .'j_ l_o.l

I_o75 _ StabZe 70 .5 _7,z
1RO76 5 Stable 70 I.O 38.1

1,9.0_ 5 Stab le 70 I.11,9.0 5 S%abZe 70 1.5 3G.8'

4-20
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TABLE Iy (continued)

EFFECTOF TIME, PROPELLANTTEMPERATURE
AND TANK LEVEL ON OSCILLATIONS T-11606, S/N 0001-5

, |1 •,

Time From De'col

Run Length operatlon ,, _p ........ Do_s .... _ __

z_o?9 zo/_,9o s_b10 loo 9.75 -
bqo8o Zo/hgo out_,le Zoo 7.5 -
12081 IO/h90 Stable 100 9.3 "
12082 13/hST B_blo i00 10.3 "
12083 15/1185 Stable 100 10.8 -
12o84 15Z485 StabZ= IO0 11.25 -
12085 20[20 Btabl_ 100 11.8 -
12o86 20/48o StabZe 10o 12.25 -

hO/lO Unstable 100 12.50 -
1208"/

12088 b,O/lO Stable 100 - "
12089 3oZhTo Stable 100 .5 "---
12o50 _o/_,1o _,able lOO .75 -
_o91 60/%oo StabZe zoo 1.o -
12092 100/100 Slm.'ble loo 1.25 "
12093 200/.300 Unstable i00 1,8 1"/,0
12o_ 50o/zoo UnB_ble ZOO 2.5 16.o

,, • J

(D
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___u_r Orbiter

The R-lIDengine used on the Lunar Orbiter Vehicle is prossurlzed by nitrogen
gas. As part of its Quslification Program, it was operated with propellants saturatqd
with nitrogen gas by a bubbling process. The engine oscillated _lithwhat _s called
_0% saturation and did not oscillate with a 60% saturation level.

Nitrogen was bubbled through the propellants by a perforated circulaa,tubelocated at the bottom of the tar_. For the 90% level the ullage pressure _s r_ised
from i_6 to 186 psia and then vented back to 176 psia. Each cycle too_ 15 minutes

: and it _s performed 8 times in about twtohours. Following the bubble cycless the
ulls_e pressure _s _intained at the saturation pressure f_r at los.st30 minutes
prior to the pressure requlrod for the run. _e saturation procedur_ for RO% level
is sho_rngraphically in Figur_ 5. For the 60% saturation 16vel, the ullage pressure
_s raised from 134 to 144 psla in 15 minutes and then vented back to 134 psia. The
float was installed for these tests.

The Lunar Orbiter has flown four (4) flights without thrust oscillations

occurring. Thrust and Isp of the engine Pave agreed within i% of the ground test

 ta..... i

Conclusion -Nitrogen

O Summarizing what _e lhao_Tabout the effect of nitrogen as a pressuroat on
thrust oscillations:

:, i. Nitrogen entrained (bubbles) or nitrogen saturated (to an unknown
level) propell_nt _ill cause thrust oscillations,

.. 2 ..... With hot propel_ts and the float installed oscillations will
occur if the prope11_nts are not degassed'. If they are degassed,

:. oscillations may occur if the propell_nt_:are pressurized for 3/4

of_ hour before She.run. /
3. If the float sinks ioscillatlons will occur with ambient propellants

_ , after 1 hour at pressure. /
/

4. With the fleet work_ng_ oscillations will occur with ambient
propellants after 2-3 hours at pressure.

,_

/

5. _sed on the Lunar Orbiter _ests, the pr2ell_nts must besatuz_ted to a pressure greater than 134 14_ psla before oseillatlons
will occur.

I

i /

O
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Tabulated in _blc II o,rethose engines that l_ve oscillated or been tested
wi%_,helium saturated propellants, The results from these tests are reviewed below.

x-2_._9,s/_oool=_ 7/8to7/9/6_Cell1
Runs 12327- 12340

_nis test ms the first m_de with helium as the presstu'ant. Ten runs were
m_de with helium dissolved in tDe propellants. Thrust oscillations did not occur.

' Under similar test conditions the _ngine oscil_ted with nitrogen dissolved in the
pz'opcllants. With both gases the propellants were saturated by bubbling for 20
minutes prior to a run6 Table V shows the test conditions.

T-l_e8,5,_/N O001-_,- Pre-Qu_li.ficatlonTest 71z_.to713o165cezz 1
Runs i - 301

This test w_s the Pre-qualification test, run to confirm that the engine
and test facility (including procedures) were ready for the Qualification test.
Helium _s the pressurant gas. The engine oscillaled four times during the test.
Table Vlshows the conditions for these runs and three other runs that did not os-

' _ cillate.

" The first time on Run 169 the propellant _s purposely saturated by bubbling
heliconthrough the propellant for four hours at 250 psia with the propellants _t
lO0_F_ Just before the run, the tsmks pressure was reduced to 170 psia and the pro-y

,, pellant cooled to 40°F. It was thought that the propellant would hold more helium
, hot than cold, so saturating _ot and running cold would be the most severe test.
, The engine oscillated for the L%st lO seconds of the 20 second run.

The rest of the runs were made with propeilant that had been pressurized
for-different lengths of time. Oscillations occurred when the ta_ks had been press-

uri'ed for 4, 7 and 8 hours ard they did not occur when pressurized for 2.2, 2.0
and 3.0 hours, The tank level of those runs that oscillated was also less than i/2

_i full. Consequentl_, for the Qualification tests, the propellant tanks were reloaded
" when they became less than 1/2 full and if they had been pressurized for 4 hours.

The engine did not oscillate during the Qualification test.

_-123_0,s/No_l-i-Heli_Effects_est 8/1to_/_/_Cell1
Run 302----all

The objective of this test _s to document engine performance, both steady
state and pulsing, at design and off design mixture ratios and thrust levels using
propellants containing helium gas.

O
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ENGINE e28439 - CELL i DATE: JULY 8 and 9, 1965

, 4-25

00000003-TSA10



_II'(]ll[tld[ ..,,,,_.,..,,,o,.,. a- loso
' " II:Olll'tJR'|lllt¥ . . . L :-- .... _ ....... ""

0
TABLE VI

t

PRE-QUALIFIOATION TEST WITH HELIUM

T-12285, S/N OOO1-I

!

Time Urger Tank [
Lc,,_tl_ Operation Tp Pressure Lovcl Romrk. _ I

- " (_'ec_-)_- ".... - .... I
169 20 Unstable _0" - - Bubble for 4 hourn

at i00" and _50 psla

?55 I0 Unstable I00° 8 hrs. 20 cm

262 5 Unstable 70* 7 hrs. - Pul_e Tube Run

268 17 Unstable lO0* _.2 3/8

299 5 Stable i00" 2.2 50 cm

300 5 _ble i00" F..O I_ am

301 5 Stable i00" 3.0 -

I
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The propellants haclbeen stored in the main storage tanks under holi_
g_s at a total pressure of 180 psia0 The main storagQ tanks were at this pressure
f_om one day before the test to the end of the test. In addition, each run tank
load of propellants was treated in the following manner to attempt to satut_te them
w_th helium.

I, Helium was bubbled hhrough the propellants from a ring in the
bottom of the pulse ta_/_for 5 minutes at 180 psla and the
run temperature.

2. _ae tank _s held at 180 psla and the run temperature for 15
m_tes with nO helium bubbling.

3. Steps 1 and 2 were repeated three more times.

At no t_me during the test was the p_sure reduced below 180 psia except
during off-design runs (O/F = 2.2, F = 90 pounds, etc.). The helium,,_s al_ys
bubbled through tlte propellant At a pressure of 180 psia even when the run pressures
were lower or higher tl_n 180 psia. When the propellants wore t_nsferred from the
storage tanks to the pulse tan/_s,the pressure was held above 180 psia to avoid out-
gassing of the propellants.

O Run Conditions Where Thrust Oscillations Occurred

The engine was tested at nominal O/F's of 1.8, 2,0, and 2.2 at 100 pounds
thrust, and thrusts of 90 and 120 pounds at an O_F of 2.0. Nominal propellant
temperatures were _0_, 75", and IO0OF. Both pulse and steady state runs were made
at each cc_ditlon. The steady state runs were made in duty cycle groups of three
to determine the effect of hot injector head on both performance and the occurrence
of thrust oscillations. Injector hea_ltemperature at the start of the third r_u
of a sequence was greater than 200_F due to soakback from the first two runs.

Table VII lists the runs made at each condition and indicates whether os-

eiS/_tions dld or did not occur. As shown, oscillations occurred 12 times. These
oscillations can be divided into two types; those caused by dissolved helium in

,, the propel]_Lnts_and those probably caused by bubbles of helium entrained in the
propellants.

A bubble in the propellant usually resulted in short duration oseillations_
while the dissol%_ gas resulted .inlong duration oscillations. An ex_mpl_ of short
duration oscillations is shown in Figure 6. Seven of the thrust oscillations were

apparently due to dissolved helium and five to entrained bubbles. Three tl_ust os-
cillation periods occurred at nominal conditions of lO0 pounds thrust and O/F of
2.0, but in each case the oscillations appeared to be due to entrained gas and not
dissolved gas. T,to of these (Runs 309-.3a_ud325-i) lasted for only 200 milliseconds
and were probabl,vthe result of entx_Ined helium bubbles. The third (Run 382) _as
the result of poor priming prior to the test that left hc].iu_aGas in the propell_nt

O lines upstream of the engine.

4"27
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SHORT DURATION ,OSCILLATION

T12340_ S/N 0OO1 RUN 309-3

4-29 Figure 6
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The stea_y state run data are plotted on Figures 7 and 8 as a function of
thrust level and O/F ratio. The shaded symbols in Figure 7 are r_is where oscilla-
tions occurred_ and the open symbols denote normal operation. Only those runs where
oscillations occurred are plotted on Figure 8, but the oscillations are separated
into two types; those of long duration (probably due to dissolved gas), and those
due to gas bubbles in the propellants which were indicated by the short duration of
the oscillations, No oscillations due to dissolved gas occurred at the design point
O/F of 2.0 and thrust of lO0 pouna._._

One purpose of running the steady state runs in a group of three was to
evaluate the effect of high injector head temperatures on the occurrence of thrust
oscillations. Tabulated belcw_are the seven runs where oscillations occurred due

k.

r to dissolved gas, along with the correponding head temperature.

Run Head Tamperat___ee

336-4 209° ,
347"-3 2756
406-3 264°
411-1 i13°
4Zl-r 154°
411-3 246 °

411-b_ 220:'

These data Indfcate that thrust oscillatlons occur more frequently with
elevated head temperatures (200_ or greater) since the first three runs tabulated
Were the third run of sequences of three where the first two runs of the group were
at lower temperatures and oscillations did not occur_ This implies that oscillations

• are more likely to occur with a hot injector heszl_but that a hot head is not the
only requirement for oscillations to"occur as indicated for Runs 411-1 and -2 whe_-e
head temperatUres were significantly lower.

T-12321_ S/.N0001-5 - Contoured Valve Seat 5/15/66 Cell 6
RunslO4 -lo48T

One model to explain whY the engine oscillates with saturate4 propellants
is that the static pressure in the oxidizer valve seat is low enough (85 psia) to
cause gas cavitation. If this model is correct, a fix would be to redesign the
oxidizer _lve seat to eliminate tb_ cavitation. The oxidizer valve for this test'
_as contoured to eliminate this effect. Two z_xm were made with saturated helium
at conditions where thrust oscillations halloccurred with other engines. The con-
toure_ valve seat engine did not oscill_te.

Testing _s conducted with N204/A-50 propellants saturated with helitu_.
The satux_tion pz_cedure consisted of bubbling helituugas from the bottom to the top
of the propellant pulse tank at an initial tank pressure of 178 psig and allowing

©
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THRUST OSCILLATION SUMMARY

ENGINE T-12340-001-I, CELL I_ 8-i to 8-5-65

SYMBOL PROP. T_P.

O 40
A 75
O too_

fi

Z_ -_' L_, _: _ .... _ SHADED SYMBOL - OSC.

_:: _,._ ii_ !!: ;4-i ._:; :: '_ .... ._/ : ' "'::"

- _t ,-rr. _ _

r._j -, ._

• . /i' . :.8 v 1.9 2.0 2.1 2.2 2.3

\ OiF ,
• /i ,!

/
_ /

! /
I

I '

©
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THRUST OSCILIATION SUMM.%RY

_NGINE T-I_340-001-I, CELL i, 8-1 to 8-5-65

OPEN SYMBOLS - SHORT DURATION OSCILLATIONS

SFADED SYMBOLS - LONG DURATION OSCILLATIONS

i

C) .'
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the pressure to increase to 190 pslg over a 15 minute period. At the end of tlls
perlod_ the tank was vented and pressure reduced to 178 psig. _is cycle Was re-
peated 3 times. Pressure _s then held at 178 psig for 30 minutes, reset to
run pressures and firing within one minute. All test firings were conducted with
propellants at ambient temperature. The quantltatlve degree of gas saturation
using this procedure with helium has not yet been specifically determined. H_ever,
previous tests have resulted in thrust oscillatlons under less stringent saturating
conditions.

The runs which were conducted are as follows:

Duration FN Isp
No. 0/F (see.)

10484 5 2.19 i00 267 Unsaturated
10485 50 2. iT leO 267 Unsaturated
10486 50 2.18 lO0 267 Saturated
10487 50 2.17 lO0 267 Saturatezk........

The O/F and thrust level conditions for the runs were selected on the
basis of conditions at which previous engines had demonstrated thrust oscillations
with the stsmdard valve configuration.

A copy of a section of the oscillograph record for Runs 10485 and 10487
is shown in Fi&_res 9 and lO_ respectively. The dynamic characteristics of the
thrust and pressure traces are identical_ thus indicating stability for the gas
saturated cc_dition.

 -zz6o6, OOl- 7/ 3/66Cell l
Runs 3453-3471

The objective of this test was to determine engine performance at _u 0/F
' = 1.6 with helium saturated propellant at tank pressures from 150 to 400 psia. The

engine was orificed for an O/F of 1.6 and 100 lb. thrust at a tank pressure
of 182 psla. To provide a ccmparlson_ runs were also made with unsaturated propellant
and nitrogen saturated propellants at tank pressures from 150 to 400 psia.

The propellants were sat1_ratedby bubbling gas from the bottom to the top
of the propellant pulse tank at an initial tank pressure of 430 psia over a 15 min-
ute period. At the end of tkls period, the tank _s vented and the pressure reduced
to _lO psla. This cycle _as repeated seven times (total 8 times), in tuzohours.
Twelve second runs were then made at tank pressures of 150_ 185_ 300 and _00 p=ia.

©
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UNSATURATED

I_NGINENo. T-12321, S/N 0001-15
RUN No. 10485, 30 SECOND TIME POINT

CELL #6 TEST DATE:' 5-].5-66

4-34 Figure 9
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Engine opers,tion _ms normal with helium saturated and unsaturated pro-
pellant. The engine oscillated with nltrogen saturated propellant, k_netest re-
sults are sumnarlzed below.

Run Saturated Ptank T............. p _ Results

3455 No 185 80 Stable ,
B456 No koo 8o Stable
3_57 No _00 75 Stable
3458 No BOO 75 Stable
3459 He 15o 80 Stabl_
3460 He 400 80 Stable
3465 He 300 80 Stable
3462 He 180 80 Stable
3463 He 150 80 Stable
34_ _ 400 8o Stable
3465 N2 300 80 Unstable
3466 N2 580 80 Unstable
3467 N2 550 80 Unstable

T-14200#S/N0001-7M_ DSTTest 8/24to 8/e6/66Cell1
.... " " Runs3608-3700)
The objective of this test was to demonstrate MM{ steady state and pulse

per_ormance_ to eveluate long duration firing _ith MMH, an_ to determine the effects
of helium saturated propellants on engine performance prior to the formal supple-
mental Quallflcation test with MME.

Testing with helium saturated A-50 and NTO on engine T-1234% S/H O001-1
showed a tendency for thrust oscillations to occur at high O/F ratios and low thrust
levels. This pehnomenon was investigated Wit_ L._ellants saturated by bubbling
helium through the propell_nt tsmks frcm bottom to top. During this bubbling, the
taak pressures were cycled from 596 psia to 206 psia_ eight equal times over a two
hour period. Five second and 60 second runs were made at ambient conditions. Hot
hardware tests with s_blent propellaats were also made by conducting firing sequences
similar to the Apollo Mission Maneuver No. i (10 seconds ON - 30 seconds OFF - 3 sec-
onds ON - 360 seconds OFF - 20 seconds ON) where the heat soakback from the engine
firing he_ts the engine. Table Vlll lists the thrust level, 0/F ratio combinations
tested and the results for the runs conducted. In general_ the engine oscillated
less _rlthM_ thsalAerozlne-50.

A long run (500 seconds) was also made with dlssolvedhellum in the pro-
pells_ts and the engine did not oscillate. The m_in propellant storage taD3_swere
pressurized to 180 psla with hellionfor about 40 hours prior to the run.

D
4-36

_-"-- ._ ...... '1. IL - - - J H[ I I I ] - _ I II I ---- " _ I _._ !11_ _uJ__' _ __.@

O0000003-TSB09



l'ql.. ,,,,,_,,,,.c_,,,o,,,,, .4.-z080
_, ,L - -- ll;lll_l','lli4lRl'_" -- -

"- . TABLE

ENGINE T-14200; S/N O00:L-T

oe_ i _s_ DATA: _S_ #334S
MMH DST TEST PROGIIAM

_._,_,_'' ° ' _: _::i' ' '--'-'
, ...... rl_ J i '" ...........

I

, t ,t_',-4_ ',

:',_:"._,"..,_o:'''_"' ' ' _ _(_ °' ' ' ' '

D I_ tO i ; ..... _i,

0 ,r,.l

l I ! • I $ li _ ,
0.4 I I (¢ ! ! ¢ ! I

..... , ,,,, ,,,,,, ....

I_,.._ ¢10 ,_ • r

,-4• o_ ,_ _. _ _. _ _ o _, R _' _._.

i_ l_t t..__ , . ,

,, •I ! I ! l _l I I _ _ I t i l

,--4 _

_,o N,.,,4 d _ d d. d ,4 ,,IJ J ,_ J ,4,4
; Jill ........ [ II I I I I I IIII -- it I I

_l_d'¢} 0'0 0 O O* .1¢_ 0 O, _ (_ 0 _, ¢) ¢)

•) -
,,,, _ _ _ _ _

tP)

I

4-37
Y-l_: _- ' .-...L" _tl _.:-'._ _ ; _ II II ._ ..... ,. . _ ,_',mIJ_____.l__ III lil

00000003-TSB10



. ..mluard/ .,..°,,,.,,,o,.,,
........... • t,Tl_,lllltt.lt-ff;+l -- ,. _ ._ , .........................

smB_I_ TES_RU__m _e __ PmP_

E_GIh_ T-14RO0; S/_ 0ooi-7

Cell 1 TEST I_!.'_..,+ TEST #33_3
MMH DST TEST PROGRAM

I -- - IHI III I I I_ ' , I I I L I I , i L,_ - L

. ,.+_

ii ................. iii

, _ ._I® ,_I_ ,' , , , , , o L , , , .i , , '
,_1oo m t.--.

,-++,_.+o'_,_' ' ' , ,. , -. , , , , ., ,II

i I I I--I I I i l I l "I I I l I

i.

ii ii i l ...... ilL iii + + -

! i

_ .
,-4 0_ I l I I I I I I i ; I I I IOJ",4+,--IQ,,_I

_o.-,,+ . .,
_ _O
, , ,i_i i I

I " : " .," :_ u. i .............. " 2 ......

' +_N+.4 1"'
+

-- I I

L_ I::10 _11_ _ .

o, . Iii It It _ tll'' ® ''

N +,+ m +,l ...I _ i,l d _ i,l' i,l
i i •

5'_ <>0'<>'="<' ° _ oo,_o,<>_o o,,+,++,,_l e _l _ "+ _ P, "; _ <>",., _ a "+
_Ng0

-- i , ,_ - - i. -+'1 7_

4-38

..... _ '=+]-.__.E .... __ .. t....... _-"= + " ". --- __ II ....... nlllll_ ....... _+ ,_,.'_ : . In . IIIIII " III . __ _

,,I
O0000003-TSB11



.......muardt_.',,.,.._,,..,,,o,.,. _o_o
_'_ Id,Y;ItlY;R4IIIY_".............. Aj', _,

s_zLz_t_Es__s _H me _Um_ED Pm_

.... _ Ftrm_ Gmm__o_.
_Tet:i_T-I_20O,s/_.ooo:L-T

Celli _ST nA_/_: _EST#33_3
MMH DST TESTPROGRAM

. ' ,

_ I t O I-. 1--!
f I IIIIII II p .....................

l_l I $ e e i i
I LLll IIIIll I I I Hi I[ ....... 2 ...... j .........

_-_
........... lit l 'i [''' 'i Ill I J q _ .......

11 ,°

I;o_;,,_ia_l_ i , I . ,
iii I 11 tv

I I tit I ill t,_'l ..... : ....... "- ".

,-4_*--l_,rt '•
ai..l,..i.,,.,to gi ,"

I I I I I t ,l_

: fit t " II_l I • ill ....... _ I1_
bO

_0_ ._ ..
tt. |,,t ............. _." 7 .............

........ .-.-;.=__ -- ;..:-__

4"39
I L I I I iii Ill

n ' .... _.,l_ll

000000133-TRI_I 9



rqllord/ " A-lO8O
" 4LYI/',IYIP,|rt(I% ¥A_ Nut, S. C4tltO|NIA

Apollo Supplementnl Qualification

%_le objectives of the R-}_D Supplemental Q1_%lifleation Test for the Apollo

Service Module Reaction Control System Engine were: (i) to d_onstrate that the

1 SM RCS engine will operate safely utilizing helium saturated monomethylhyd_azlne

as the fuel and helium sat,.u'atednitrogen tetroxide_ which has nitric oxide eor_ent

of bet_reen 0.4 and 0.8% by weight, as the oxidizer; (2) to demonstrate that the

SM I_CS engine will operate safely when arc suppression elrcultry is incorporated

into the electrical engine valve cc_m_nd system; ($) to acquire and document eng_me

performance data with both unsaturated and helium saturated propellants.
'i

The engine oscillated during the hot calibration t&st with unsaturated
pro_elleats and during the _mbient calibration test with pr6pellaz_ts saturated by

!_ bubbling. A study of the test data indicates _hat mor_ likely cause of the oscilla-

tions %_s the presence of entrained gas in the propellants. The presence of the en-

trained gas can sometimes be identified by its effect upon the response of the pro-

pellant manifold pressures on start-up and shut-d_0m. Two oscillograph records
showing indications of helium entrainment in the oxidizer are shown in Figures 3_I

and ].2,from the ambient and hot calibration test. The oxidizer m_nifold pressure

(Pine)exhibited sl_ugglsh response which can be attributed to the damping effect of

_. the helium entrained in the plopellsat. Further indications of gas entrainment was
evident in the chsmber pressure trace of both runs. At approximately 80% pressure
rise_ a marked change in the chamber pressure and thrust trensient occur as a result

O of gas eJectfon. These transient irregulations were followed almost immediately by
the onset of thrust oscillations.

The engine did not oscillate during three other tests made with purposely satura

ted propellant. The propellants for the orbit retrograde test were saturated by

storing the propellants with helium at 180 psia for 84 hours before the test. The
engine did not oscillate. The propellant for the hot and ambient mission simulation

tests were saturata_ by bubbling helium through the propellant tanks from bottom to

top. During this bubbling the tank pressures were cycled from 196 psia to 206 psia_

eight equal times over a period of tuzo hours. Foll_zln_ the bubbling_ the propellants

were maintained uhder 186 psla p_css'&re for at least 3Q minutes prior to reduction to

run pressures. _e engine did n6t oscillate for these 't_zotests.

LM Supplemental 0ualification /
%

The primsa7 objective of the LM RCS Supplemental Qualification Test _s to •

demonstrate that the LM RCS e_ine will operate safely utilizing helium saturated

Aerozine-50 as t.he fuel and helium satu_n_ted nitrogen tetroxide, Vhich has a nitric

oxide content Bet_een 0._! _nd 0.8_p by welght_ as the oxidizer.
\

The propell_.nbs were saturated" for all tests by stirring the propellants

for four hours while the t_nks were pressurized to 180 psig with helit_m. _e engines

did not oscill_te for ar4v of the tests.
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IV. THRUST OSCILLATION MODELS

To better understand why the engine osaillates with gas in the propellants,
%_rlous ar_lytlcal models were developed.

A stability _r_%lysisof the bipropellant rocket with free gas (bubble) in
the injector %_s made. The analysis showed that free gas in the injector might
cause thrust oscillations. Based on recent testing with the R-AD engine on a differ-
ent programs a gas flow limit _as determined above which oscillation seemed to occur.
An ar_lysis _as also m_de of the injector pressure drop to see where the dissolved
gas might come out of solution. _t _n_sdetermined that at .thevalve seat the static
pressur_ might be as low as 85 psia. A special engine test with a contoured valve
Beat to eliminate the large pressure drop, resulted in the engine operating without
oscillation_ under conditions where oscillatlons had occurred with the normal valv@
seat.

A. Stability Analysis of a, Roc.ketEngine wlth Free Gas in the Injector

A general stabilit_ analysls o_ a bipropellant rocket with free gas in the
injector passages was made. The ems_sis shows hcf;much gas must collect in the
injector before thrust osciliations would be expected. The smalysls uses linear

O control system theory and does not i_elude any effect of gas on the shape mixing
of the streams leaving the injector. (+T_s least effect may be saother mechardsm
for producing oscillations)

An analytica/ model _as developed relating the amount of free gas required
for oscillations and th_ amount of gas dissolved in the omldlzer to cause low fre-

quency instability of a _cket engine. !

Figure 13 shows tha simplified rocket engine model that was a_ed. The

propellant supply pressures are Pa and PB. Pl and Pe are the pressures in the in-
Jector dribble vblumes. Pc is _h_ combustion"chamber ,pressure. W_ and _IBare the
weights of prope_lamt displaced by the free gas bubblis. W1 and W2 are the flow
rates of the two propellants into the combustion chamber. WA amd WB are the flow
rates of the two propellants into their respective In_ector volumes.

\ /
The model in Figure 13 is described by the following set of equations.

These dquatlons include pressures and flow rates in%he model as varlables, some
constants of proportionately (denoted by k with an appropriate subscript)_ constants
representi_4 the supply pressures and propellant weight displaced by free gas and a
con_tomt_(_)for the ratio of specific heats of the 6as. A dynamic transfer function
G_ appears in one of the equablons. G is the transfer function that converts a change
in propellant flow rate into the chamber to a change in chan_er pressure.

e " _dS
(.') (G

, (i + +.s))
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.! Total Propellant Flow

w3= W i +w z

Oxidizer Flow Into Combustor

I/z
wt =kl(pl " Pc )

Oxidizer Flow Into Injector

i/z
"A =kA(PA"Pi)

Fuel Flow Into Combustor

W z = kz (P2 " Pc )l/z

Fuel Flow Into Injector

i/Z
0 WB : kB (PB "P2 )

Chamber Pres, ure Generation

Pc=k3w3 G

Oxidizer Pressilre In Injector

 10(w F "iPl :(W_, +W I -WA) _" W 1: w Idt etc.

i_ Fuel Pressure in Injector

(wp{PZo
PZ=

'(Wp+ W z - WB)Ir

By taking the logarithm of each of these equations and then differentiating,the
equations can be transformed into dimensionless linear equations. This proces l
is illustratedbelow for the equation giving the oxidizer flow into the combustion
chamb e r.

O
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In w! =lnk l +l/21n(Pi-Pc)

d w._...Li=_ + i/z a{Pl " P,-)
wi ki (Pi " Pc }.

_pd,,t_d__+_,p_. dVl._, c.. dPc
,,"7- ,,kl (Pi- P_)_ P_-'P,

!

Recognizing k i as a constant and 'usingletter symbols for the coefficient_in the
equation above gives i

m i

w i Pl Pc

dX give the change in X as a fraction ofFor small perturbationS, the variables .-_
its nominal value. Adopting_ the change _n notation that X _ _, the equation for
fuel flow into the combustion chamber becomes

) Wi=Ap_ -::_'c •
Applying the above linearization process to the set of equation_ describing the

model gives the following set of dimensionless linear equations.

J

Chamber
' /i

w3= Ywi+ Zw2 I
l

/I
Oxidizer i /t

\

w i e A Pi " B Pc ,
,# i_

_A = - C Pi
l

Pi - [D w'A- E w'i} t/S

!
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Fuel

Wz=aPz-bP c

WB= - c P2

PZ =(d wB-e wz)i/S

Where'

Y L.1+oh+ z= + ,mrd +-oiF
' Pc Pt

Pi B = Z_(pI C = Z(pA . PI)A .-._(Pl --Pc) "Pc)

n_ _.._,,___A E -_' i

PZ P_ PZa = b= C=
Z(P2 " Pc) Z(Pz " Pc} Z(PB " PZ}

d "_ wB

w_ w_
/

The preceding set of equations can now be represented in block diagram form and

the techniques of block diagram reduction used to con_bine therz_ into a single

transfer function for the dTnarnic interaction between the pressures and flow ra_es

in the system. Figures 14_ 15 and 16 shc_ the reduction of the/system to a com-

bustion chamber transfer function and two injector transfer fBnctions for the fuel
and oxidizer° "

By substituting for A, B, C, D and E, their definitions, recognizing that the

initial flow rates in and out of the oxidizer side of the injector are equal (ie.

w I = WA) and by making the following new definitions

" PA " Pt _ w t
Pl Pc =n m --=a) b _ ='/(i+n)

Pc Pc No( : 2m

:._ * The coefficients Y and have been modified include the effect ofZ O/Fto ratio on

Isp.
°z
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S +CD
The expression BY S + GD + EA can be written in the form:

Y S+ _/.0 h

Similarly, the exprcosion on the fuel side can be written in the fo_m:

Z S + _' tJ_'

W b'

The open loop transfer function around the interaction loop can now be written by
forming the product of G and the sum of the two injector terms. This transfer
function takes the form

G "[Z[ S +'&)b +._Z__ S +_'Ob'
,, s+(i +_}_J_b z,,, s+(i.+._t}'$_i_

)
The stability of this expression can he easily determined if the simplifying
assumption of no free gas on the fuel sido of the engine is made. The fuel term
then reduces to

Z t

Z (n' + m') ,'

,. /

Ifitis further assumed that the fuel and oxidizer supply pressures are equal
( In' + n t = m + n}, the transfer function can be .written

G _) + _ z /S +(i +--_&)b 2 (m +n

Combini_ng terms, this becomes

(s+l_r,Ju)+_ +¢1+_)_ u
G

+m ,.s +(t _-)_b

m
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Algebraic manipulation yields

I" 1_+hi (Y+st _,_,"i
o PYim+nl+,_lis.+% ir;_.7']ni'+n_Z_-=-b/

Substituting for G, $ and /db gives

cY, I +-II + /
s + _ (= +-_i--+-nZ]fI Zm _.,,e "'T'dS Y (m +n) +ns ......

" i ill'( I +n),,(m +n) _'l /I +'_IS Zn (m _-n) S +H t Zm W,4

Figurel7 shows the frequency response of the open loop transfer function without
the cornbustor contribution

e .q_s

1 +-r,is

Figure l8 shows the contribution of the combustor transfer function
JVds

e

I +_S

A sufficien_ criterion for stability is that the pressure drop across the oxidizer

injector holes be .large enough so that the open loop gain never exceeds unity.
This sufficient criterion for stabilityis

_.y+, z <i
Zn Z (m + n)

If_-ffY + '2(rnZ (� �>I,stabilityis stillachieved provided that the attenuating effect
of the (I + "_'S)lag term in the combustor transfer function prevents the system
gain from exceeding unity. This stabilizingeffectis shown in Fit-re 19.

The effect of the combustorlag will prevent the loop gain from exceeding unity
provided the ratio of the combustoz lag frequency to the lead frequency associa-
ted with the gas bubble is less than the reciprocal of the injector gain term eval-

uated at zero frequency. This criterion is written ae follows:
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FREQUENCY RESPONSE-OF THE OPEN LOOP _ANSIeBR FUNCTION

WITHOUT THE COMBUSTORCONTRI_L1TION

RATIO

+i

|

!
I

- t' 1 >.rftl_u_¢Y
, _'(z+n)(_.)(Y+z)

t

PHASE: ANGLE

18o

i
l

F

90 '

| i -

" ii /
!

t \ I,'RE_UENCY

I ,

i

C)
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ANGLE

-_oT \ __ " -" ,J"

-180 1/"C' 1 FI_IUENCY

©
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O ATTENUATING EFFECT.OF COMBUSTOR CONTRIBUTION UNDER

..-- C_RTAIN CONDITIONS

AMPLITUDE )_RATIO ,

OPENLOOPGAINWITHOU_
ATTENUATION OF COMBUSTOR TERM

\

Y 2--_ '_

/
/

_. \_i oz_LOOP_ w_COMBUSTOR CONTRIBUTION

. \

% •

Y+Z
_-_------CO_USTOR TERM

1

\

,, i i 't
_zr_v-z_cY

C)
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%

i 2_ [Y(=+_)+nz] w. < Z{n+=)
"_ r(i +n)(_ +n)(Y +z) _i Y +z

Which may be written

_" Wl (i +n) (m +n) _ < i
f,

' Another condition that insures that the gain never exceeds ,unity corresponds to

the case when the comb_stor lag begins attenuating at a frefluenc7 below the fre-

quency o£ the injector lead term, This case is shown in Figure 20,

This condit/ona sufficient for stability may be written

Another sufficient criterion for stability is that the phase angle of the open loop

transfer function be less ehan.180 ° when the loop gain is above unity. For the

case sketched in Figure fil this sufficient stability criterion is obtained when

[Y (n'_ + n} 4" n Z ] "_"d , + tan "i [Y(m.+,n) +n Z ] < .ff
Zn (m + n) '-_i ', Zn (m + n)

i #
#

L

, i /1 ,

• i /
\ /

: /

i ,i /

/
t ,

s

n

T
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t
ATTENUATING EFFECT OF COMBUSTOR CONTRIBUTION UNDER

CERTAIN CONDITIONS

AMPLITUDE
RATIO

Y+Z _*

I I
I I ,
I I ,
I I ..,
I I
I I ,,?

I ."

I I /
. , l .I _

I FREQUENCY

_'(1+n)(,,e.)(Y+Z)._2m Y(m+n)+n2_ W,,w,

.O
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STABILITY DEPENDENCE ON OPEN LOOP TRANSFER FUNCTION

-' PHASE ANGLE

...... -- jINJECTOR TERM

AMPLITUDEi //I
P_TZO ? / I

I // I
/ I

w_,: (_.+.)(_)_ ......
1

I [
I I[Y(_.) ÷t�Ü�$�Ø�I_ _(_+_)rl

| . , .... _.
........ f n_QUENCY

n 9m W_

PHASE
ANGLE

9O

0 ..Cd s

-_.8o ........... ,_-t-.tmaT -- _,_. , _

0
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Which takes into account the phase contributions of the lagging terms and conser-
vatively leaves out the contribution of the ieadi_g term,

For the case sketched in Figure 22_ the phase criterion becomes

Y (m �°�Œ__a_+t_"iY (rn+n)+nZ, < _-
Z n (rn + n) 7"i 2n {in + n)

I

; t
)

Which is the same ad derived for the case where the cornhustor lag occurred at a

frecLue__n_cy"between the in_ector l_.adfrequency and the injector lag frequency.

The phase criterion for stabilityis to be applied when

_'I . Zru'[Y (In +n) +nZ W_

The stability criteria derlved_ any one of which provides stability are listed
D below:

Y_{rn +n) + nZ < i"
, Zn (rn + n)

+
_'(l_ n}{rn +n}(Y +.Z _£ i

Zrn /Y(rn+nJ+nZ_W_ >, "_i i
a

{i +n)(m,+n) '_ : "_I " Wl /
)

+n)_+ + t:n",*[','(-,+.) +,,%< /
Zn (In + n) "6i \ gn (rn + n) /

The values for Y and Z can now_be substitutedInto'theterm [Y(m + n) + r_]

that appears in the stability criteria. I£ this is done and

d k 3 d k 3
::w i dv 2

Then

dk3

C_ Y (,,.,+ ,.) +nZ =O/F (,-,-,+n) �n_"_ (i +O/F) W----" Id
,,....,

(i+ O/F)
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1

The stability criteria then take the form

o/F (m + n) 4,n +m (i +o/_') am.ks
d wt...... _ i

[o d_sl2 m / F (m + n} 4, n +m (t4-O/F} _J ,_4, =& !

' _ (_+ n) (m" �_)(_+O/F) _ "LT_.L__,__

[o dk"Im /F (m+ n}+ n+ m (t + O/F)"r'_d W_..._V__
.... _"(_ �ni(m+n)z(1+o/F) .... " ,,l _ "= l

d 1<:3

O/F (m(| ++ n}O/F)+ n (Z+ m(tn)(m4'O/F)+n) a-_ _d + tam "t O/F (m + n) + n + m(i+O/F)2--kwi
, (_l'+o/F) (Zn)(_ + ,-,)

<-rr

For most systems, m + n>0.5 and the third criterion will be satisified if the
second one is. It is therefore not necessary to further conside_ the second
criterion.

The three remaining criteria are then

Wo¢
RQ

Q _r"d + tan-tQ _
wT

Wherc

d k 3

q = o/F (m +n) +_ +m (l +o/_)_r-_
Zn(m+n)(i+O/F)

R= Znn_

_(i + n)(m+n)

)
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The following ex_n_le shows the results of applying these three criteria
to the Apollo R-4D engine.

o/F= 2.0 n = o.2o5m = o.515a_!3 = -0.290_= z.67(_e_um)
d w1

,r"z -- o.__ x lO'3seo. _ = 1.5 x zO'3se_.

a = a.b(o._) �0.205+ o.515(3.o)(-o.29o
_ 2(o.2o5)(o.72):(3,6) ',I

i
l

i
q = I;35 !

z_ = 2 x,o.?o5x o.515 = o.146
1.67' (1.205)(0.72)

The first criterion is not me_, The second criterion is met when

0 Q.146 x 1-35 W_.0.42 x lo-i w--_"< :L_

or when

----- < 2.15 X lO"3 sec'.Q_x&s I
, iWl ,

/
i j

The third criteriog is i /,i. -i J

;, 1.35 X 2 + tan i._5_ < _ /%

\ I
It is not met but would be if

i
i /

9"a < 0.69x 10-3 seconas /

If the ignition delay time is greater ths_u0.69milliseconds and there is
a bubble in the head that displaces 2.15 ms of steady s'_,te flow (about 20% of the
D.V.) then the engine will oscillate.

©
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Gas Flow Limit Model

Based on recent test data from another program, an upper g_s flc_rlimit
has been determined above which oscillations will probably take place.

The propellants for the tests were saturated to a known amount by the
stirring method. This is the only test with the R-dD engine where the propellants
were saturated to a known level.

Tabulated in Table IK are test conditions and results of the runs rode with

helium satui_atedpropellant. In the last two columns are the gas volume flow and
weight ratlo (WKe/_904), that would come out of solution in the injector dribble
volume upstream of t_e fins_linjector pressure drop and the oxidizer doublet orifice.

_e amount of gas %_s determined by assumming that in dropping frcm the
tank pressure or saturated pressure to the doublet pressure_ the helium in the pro-
pellant reached equilibrium condition. The difference in weight ratio between the
two pressures _s calculated from Figure 233 the saturation curve for helium in

N204. Knowing the weight ratio and consequently the weight of gas_ the volume flow
rate _as calculated from the perfect gas law.

It can be seen from this table that the engine starts to oscillate when

the weight ratio exceeds 0.300 x lO-4 lb, He/lb. oxidizer or gas flow rate exceeds
2.50ce/ser.

Cavitation in the Valve
, m

A possible source of bubble formation in the engine is cavitation in the
oxidizer seat area.

/

The geometry of the oxidizer valve seat and flow pattern is shown in
Figure 24. The sudden enlargement in flow area at the end of the tapered portion
of the valve seat will lead to flow separation. The separated flow will continue
to converge to a minimum area at the vena contracta, and will then _re-expand toward
the walls of the flow passage. //

i

The geometry of the flow passage at the end of the valve seat is

D = 0.125"
H = 0.014" i

A = 0.0055 in2

At a fl_ rate and density given by

w= o.2 .#lsec
#1ft

4-62
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TABLE IX

• GAS FLOW LIMIT
t

ENGINE229202-5O3,S/N O00Z

_e/wN2x f6_'

5_9 Yes 204 TO° 194/182 167/159 1.91 91 104.6 2.50 .299

5_50 Yes 204 70° 196/184 167/159 1.93 91 i0_-.6 2.50 •299
5_,64 _'es _, 7o° 22_/21o 191/18e 1.9o 99.6 11_.8 2.50 .3o=-,
_67 Yes 22_ 7o° _9/21_ 192/182 1.9_ zoo.z z17.8 2.5o ._oS
_,68 Yes 224 7O° 229/21_ 192/182 1.94 lo0.0 117.8 2.50 .30c_
_)-
9%93 _o 2]3 8o" 213/2oo 213/2_ 1.63 Io2 115.7 2.29 .29o
_9_-
5b,98 So 213 8o° 194/18_ 19%/186 z.62 95 lO8.8 2.55 .32o

5516- 90°5520 No 213 19h/183 191_/185 1.60 9)4 108.8 2.67 .30o

5521-
5525 _o _13 xoo° 19_/183 z_/zB5 z.6o 94 zo8.8 _.82 .3__
_26-
5531 Yes 213 110" I_/183 194/185 1.60 92 108.8 3.2_, •385
5532-
5536 Yes 213 _zo° 213/2oo 213/2o_ 1.59 99 115.? _.8_ .3_o

55Ta-
5580 Yes 253 '(0_ 258/239" 203/191 2.07 105 127._ 2.98 •360

%17-
5621 Yes 213107 ° 195/182 195/185 1.60 9h 108.8 2.88 .3L5

%22-
5626 Yes _13 lO7° 213/2oo 213/203 1.63 102 115.7 2.7 •325

4-63
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OXIDIZER VALVE SEAT GEOMETRY AND FLOW PATTERN
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The volt,meflow rate is

• Q = _.62 in3/sec.

which yields a flow velocity at the valve seat exit of

Ve = 70 ft/sec.

The contraction area ratio for a 40° conical nozzle is

Ae
_- = 0.75

Then

Vc = 93.4 ft/sec.

The total to static pressure differentia& at the vena contracta is

O = 83.5psi.

The pressure upstream of the valve in the engine is nominally 170 psia. All_zlng
for a small drop to the valve se_, the pressure at the vena contraeta _ilI be
about

Pc = 85 psia.

Consequently if the propellant is saturated _Tithheli_m at a pressure
greater than 85 psia_ saae of the helium _rillcome oat of solution in the valve
seat. %Jlcbubbles r_y remain in the valve area or tl;eymay be swept into other

, parts of the injector D.c_%dor into the ehaz_er to cause thrust oscill_tions.

O
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V. CONCLUSION

While the bladders in the flight vehicle propellant tanks protect the pro-
pellants from the pressurant gas_ ground tests are usually made with propellants
containing either entrained or dissolved pressurant gas. This gas can cause un-
repeatable oxidizer fl_,tfrom test to test and also engine thrust oscillations.
The engine is more susceptable to oscillations with nitrogen gas than helium. Three
possible causes of the oscillations are a trapped gas bubble in the injector_ a gas
flow rate limit_ and cavitation in the oxidizer valve. Oscillations during ground
tests can be avoided by limiting the time the propellants are exposed to the gas.
In space there is no problem because the bladders protect the propellants from the
gas as indicated by the Lunar Orbiter flight_.

t

t

i I iI

/i

'\ /
i

i l

/
d

©
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I. INTRODUCTION

The development of contamination control at Marquardt has been an In-

tegral part of the ApolloSM-LM RCS engine development program. It

was learned early in the program that proper performance and reliable

operation of the engines were affected by contamination. The most

Sensltlve areas affected by contamination were found to be the propel-

lant passages of the injector head and valves and the propellant valve

seat,

The propellant passages are affected by both film residues and particu-

late contamination. Plugged or restricted rop_r_qp_e_llantpansages may cause

decrease in thrust and specific impulse. Also, abnormal flow distribu-

tion. inadequate prelgnltor chamber cooling, or improper combustor cool-

ing may result in a combustor burn-through.

The sealing capability of the propellant Valves may be degraded by

trapped particles between the poppet and the _eat or by resulting damage

to the Teflon seal from temporarily trapped particles. Valve leakage_ay

be a serious failure resulting In loss of propellant and possible engine

exploslon.

Contamination control for the RCS engine has resulted through the de-

velopment and implementation of a philosophy of building the components

and engine assembly clean and maintaining them clean during subsequent

testing and handling. Clean room facilities and special cleaning process

were developed to provide the necessary fabrication control, Special

handling proccdures and protection against contaminated test fluids wcre

implemented to maintain the required cleanliness of the enginev.

5-1
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II. HISTORICAL DEVELOPMENT SUMMARY

-'- A. General

Contamination control by design and training have received

primary effort during the Apollo 8M-LMRCS engine development

program. It is believed that by adequate design of require-

ment and rp_9_cedures , and proper training and motivation o_ the

technicians and operators who work with the hardware, c_ntam-

Inatlon control will be achieved with a mlnimumof problems.

However, failure analysls of engine hardware contamination pro-

blems and functional failures resulting from contamination b.ve

played a significant roll in the development of contamination

control techniques. An evaluation of all hardware failure/mal-

function investigations on qualificatlon[productlon type hardware

during the period July 1965 to June 1968, showed that con,am-

inatlon was the most frequent problem (being 39Z or 99 of the 252
failure/malfunctlon investigations which occurred),

A summary of the 99 contamination problems mentioned above are

suemmrlzed in Figure 1. As can be seen, 58 of the 99 problems

were either propellant valve leakage o_ low flow characteristics

of the injector head fuel passages which resulted from eontamlnatlon.,

Thlrty-flve of the problcms were found as contamination prior to any

functlonal failure. Figure 2 shows a ehronologlcal frequency sum-

mary of these contamination problems. It is estimated that the pro-

duction rates and test programs and hence, the opportunities for

pzoblems, was fairly constant from 1965 through 1967,

O0000003-TSE09
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SUMMARY'OFAPOLLO SM-LM

RCS ENGINE CONTAMINATION PROBLE_N

(JULY 1965 TO JUNE 1968)

NUMBBR OF

PART DESCRIPTION PROBLEM EXPERIENCED ..... OCCURRENCES

RCS Engine Contamination ' 25, I

I

Valve £eakage 1, 18

: Low flow of oxidizer system 4

Failure o£ filter rinse test L

I
Injector Head & Valve Low prelgnilor cooling flow 28 j

' !. Low chamber cool_ng flow 6 .

Low £_uel pre£gnitor £1o_ . 4

, Contamination 4

Valve leakage 1
t

!

Failure to pass orifice rinse test i

l

Contamination 6Propellant V_Ives
J

Valve_ leakage / l
t_

\ /
, , t TOTAL 99

°.

4 l t

_ i'

_ t
,
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ClIRONOLOGICALFREQUENCY SUMMARY

OF APOLLO SM-LM RCS ENGINE

CONTAMINATION PROBLEMS

(JULY 1965 TO JUNE 1968)

/ i

O/

O
- , i ! r II . _ I. n I nl II I m _[_)EC " " , nil , ,_JULIDEC JAN'-JUN JUL-DEC JAN-'JUN _L- JAN-JUN

1965 1966 1966 1967 1967 1968

J
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I1. HIfiTORIOALDEVELOPMENT SU_4I_Y (CONTINUED)

B. Propellant Valve ContBmlnatlon Problems

Valve leakage is one of the most serious failures resulting from

.,ngine contamination. Valve leakage may be a minor or a cat,stro-

phic failure mode d_pending on the magnitude. Excessive propellant

leakage may result in depletion of the propellant supply or cause an

explosion. Gas leakage as used for acceptance criteria is o£ minor

concern except as an indication of possible propell_nt leakage.__Ga_.

leakage above the allowable specification limit of 15 cc/hr does not

necessarily mean propellant leakage. The relationship between GN2.
leakage and liquid leakage has been checked numerous times at TMCL

hoveve_, with very inconsistent results._ This is believed to be due

to the many different flow relationships which govern the many dif-

ferent types of leakage _athg. The experience does indicate that

the GN2 leakage which indicates zero propellant leakage may be slg-
nlflcantly higher than 15 cc/hr.

Particulate contamination can cause valve leakage by two separate

actions. Particles entrapped between the armature plntle and the

Teflon seal or metal stop of the seat assembly can result in a gap

and consequently leakage. Also, particles may cause damage to the

Teflon sealing surface with resultant leakage.

The size of contamlnatlonwhlch will cause valve leakage has not

been establlshed and may be very difficult to establlsh. However,

analysis and experience indicates that filtration to approximately

30 microns Is necessary to protect the valve.

Since July 1965, when the qualification valve configuration was es-

t_blished, there have been 29 occurrences of valve leakage. All but

three of these problems were excessive GN2 leakage. During the I_!

>
I
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O system testing at Magic Mountain, one oxltlizcr and one fuel leakage

occurred due to contamhlaeion, and one oxldizet leakage occurred

due to an injector explosion. Of the total 29 occurrences of valve

leakage, 19 were concluded to have been caused by some form of

contamination.

Nine of the 29 valve leakage problems occurred during _cceptance

testing. Only 4 of these were due to contamination and these all

occurred between July and December 1965. Since then, the contamina-

tion control procedures used during assembly an_ acceptance testing

b.ave prevented any additional acceptance test valve leakage problems

due to contamination. _qle control of engine contamination during

test programs and customer handling was less effective during this

same period.

Only infrequently _have the actual partlcle_ of contamination _;hlch

caused the valve leakage been recovered and Idvntlflcd during the

O investigations. Usually, only the Teflon surface da_u_ge in the form

of depressions or scratche:_ is evidence of contamination which pre*

, vtously passed through the valve. Al_o_t half of th_ valve lcal, age

problems _esulting from contamination were GN2 leakaI;cs below 60 re/hr.

In all of these cases, only scratches cr Teflon surf_ce depresstonrJ

were found to evidence the effects of contamination. Figure 3 is an

example of gross Teflon sul face d:Lmnge due to contamination passing
t

throu/gh the valve, lq_is valve way tested without adequate facility

fllters. , /
1

\

Particles s_aller than about I00 microns, trapped be_aeen the a_maturc

poppet and seal of the valve generally do not caus? leak.8_. The bllih

unlt force on the particle from the poppet load _Ithcr _mashes the.

particle against _.he scat _'top or causes it to be lanbeddcd Into the

soft Teflon seal. Witit addlt£onal cycles the pnrtlclc is sillier

smashed, flushed throuf..hthe valve, or imbedded deep enough to allow

the vah, e to seal. Partially ilnbedded p-rtJ.clcs which are subsequently

0

5-6
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f-',, FIGURE 3. GROSS SURFACE DAI_,,_AGETO TIIE TEFI.ON VALVE SEAl
(APPROX. 120X) REF. FAILUI_E/I'AALFUNCTIOI',_REPORT
329-80
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O dislodged result in Teflon seal surface defects discussed in the

preceedlng paragraph. Experience with large particle contamination

.... is discussed in Section A-3.

Development of contamination control procedures for the propellant

valves has been quite effective for fabrication and acceptance test

operations as mentioned above. Care has been taken to eliminate any

internal or external contamination considered to be injurious to the

valve or downstream hardware (injector assembly).

Sources of internal contamination include burrs, Teflon particles

from the valve seat_ and foreign particles trapped inside the valve.

Manufacturing procedure_ of detail parts include special care to pre-

vent burrs, The possibility of Teflon particles from the valve seat

is rcduced to a minlt_Jm by assembly of the valve and conducting 2,000

break-in actuations with water flow. Subsequent to this break-ih

procedure, the valve is disassembled, the seat in,petted to a visual

O inspection standard, and recleancd before final assembly.

Protection of the valve from external contamination sources is

accemplLshed by kcc_1.n_ the valve Inlet covered at all times, e_:cert

during testing. During all testing where fluids are introduced into

the valve, a 15-30 talcron filter is attached at the valve inlet in

p_gyback style.

©
5-8
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IT. HISTORICAL DEVELOPHEbr_S_Y (Continued)

C. Propellant In lector Contamination Problems

The propellant injector of the Apollo SH-_.!RCS Engine h_s experienced

many rejections during acceptance testing due to contamination pro-

blems. However_ since the production o£ the qualification design

configuration began in 1965, no engine functional failure has re-

sulted from injector contamination during any of the test p_ogrnms.

I

The injector design contains many propellant passages which include

fuel cooling for the prelgnltor and the combustor.

Figure 4 is a layout of the engine which shows most of the propel-

last passages. Acceptance tests for the engine include monitoring

the flow from eacl_ port to verify proper levels. Two types of flow

pzoblems caused by contamination have been experienced. Individual
ports have been found bloched due to large particle contamination and

and the total preisnltor cooliag flow has been found to be too low _uc

, to partlculote and film type contam£nntlon.

Prior to develot_mvntof adequate cleaning procedures for the in-

Jector head assembly and adding _ screen at the valve inlets, several

engincn were rejected'due to cloF.glngof the h_cl preignltor passage

at th_ IO degree Included angle in the insert nt_sembly. _l_Isconlcnl

shaped passa[,_acted as a trap for ftbers and subsequently other par-

ticulate contamination.

L_ge pnrtlcle contmafnat[on of the injector assembly hns becn a

problc_n in a few instances. Onc such problem wns ezp_rienccd when

a ¢hau_t_er cooling ho_ _as feared p.rttally blo_:ed by a picee o_

T_flon. Fig_Ire5 shows the bloc_,:edhole and Lho particle. Other

large p_n:ticlecontamination problc_,_sarc d£_cuvscd in Section D,

f_ Engine cc_nt_In_on problems.
Lt_-
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FIGURE 4. HEAD AND VALVE ASSEMDLY - MODEl. R-4D ROCKET ENGINE

5-10 Ftguze '_

0
t

&.

lo

, I =" = .... I=1

(3(3c)nnnn__T_q_n_



.urdt
©

l

z

FIGURE 5A. BLOCKEPCHAHBERCOULINLi
HOLEAND PARTICLE (i/tX)
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FIGURE 5B, PgRTICLE TIWI" BLOCI'EDCI1/'_'-IBEP,
COOLIttG !,IOLE (li:X)

FIGURE 5. INJECTOR COi_TAMIr_,_',TION(ffFF. FAII_U'_E/ITtALFU[,ICl!OH

0 REPORT 841711:'t-129)
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The most frequentiy experienced contamination probl_with the in-

Jector _ssembly has teen 1_ total preignitor cooling flow. This

flow impinges on the outside of the preignitor chamber for cooling

purposes. There are 7 holes _lich are .0098/.0i02 Laches (these

are the _mallest propellant ports in the engine) and one hole ,0199/

.0203 inches. Total flow requirements for these 8 holes is 12.5 to

15 percent of _:he total flow. Failure to meet the re_ired flow was,

in nearly every case, due to a general flow restriction rather

than a blockage of any individual hole. It is believed that film

type contamination and surface held particulate _.as responsible for

the flo_¢ restriction.

Although experience of this problem indicated a very close line be-

tween contamination and basic material surfaces, it was found that

addltlo:_r-I cleaning of the injector assemblies brought the flows to

within the required limits.

Develop_ _at of the cleaning proccdure_ for propellant passages

eventually resulted in flunhing the passages with clean water at

a flow r_te of 400 to 1,000 ml per minute while the part is submerged
t

in an ul tra:;onic bath for a 5-minute period. Thin opnration tD

followed by purging with alcohol and then with Freon undcr a minl.=.um
#

pressure of 50 p_ig.

The above flutJhing ope'ration8 are done in a _tirectlon opposite to the

hemal f low direction _md prior to inotallotion of the preignitor

tubes or::! the propellant valves. When the injector ks clean, the

preignitor tubes and previously cleaned and acceptmme tented propel-

lant valx'es are ln,._talled. The complete assembly is then forward

flushed "_'ith at least one quart of Freon through each valve with

_,cveral valve actuation, _ durirtg flow. This procedure ha_; proved

quite _cccs_fu. as e,hown by the low rejection rntc since requlr£ng

this m¢:t,_:od of ele;m£ng the injector assembly.

5" 12
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D II. HISTORICAL DEVELOPMENT SU_IARY (Continued)

D. Engine Contamination Problems

• The following discussion is presented to review engine contamination

problems which have occurred during handling and usage outside of THC

acceptance test and controlled test programs,_ Based on the evidence

of the occurrences of gross contamination problems (see examples

below), it became evident that careful control of conta_Lnatlon dur-

ing assembly and acceptance test at Marquardt was not enough to assure

tellable engine operation free from contamination failures.

An example of gross contamination occurred at _C during a test of a

monopropellant engine using an Apollo type valve. Failure was ex-

perienced _len the engine couJd not be shut off indicating failure

of the valve to close due to gross contamination or other possible

causes. Investigation revealed a 600 micron (.024 inches) glassparticle imbedded in the Teflon seal of the valve (sea Figure 6 photo-

graph), This particle wa_ su£f£cienCly large to prevent tile poppet

from closing properly to _hut off the propellant flow.

The first significant engine contt_mination problem which occurred

to an engine delivered to the customer was during check-out of quad

"A" En_.Ines on Apollo S/C _09 at John F. Kennedy Space Center. [n-

_estigation of loal_age from two of the engines resulted in £1ndi.ng
.,

exes_Ive contamlnation in all four of the engLnes. The contaminants

were varied in identity including sand, metcJl, hum:m hair, Teflon t

wood, futile, R_V rubber_ corrosion prc, ducte., and otller unidentified

contaminants. It _as c._ncluded that the source of the contaminants

was both internal and externaZ to the qund engine system. Recoum_ended

action of the "hb_A investigation team included; l) provisions for pro-

rectify', the cnginen froza cont._minatton through the cow,buster e_:it bell

during ter.t and check-out; 2) checl,lng englncs at all levels o_ man-

f,_ u£actu::e and test to deter_aine and elimtnate the sources of cont:,'.mlna-
"J tlon; ar.d 3) rrovldc fl]ters i_,ed£_tely upvtrema of each valve to

entrop any internal foreign particles.

5-13
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FIGURE 6. 600 MICRON (0.024 IN.) GLASS PARTICLE INBEDDED
IN VALVE TEFLON SEAL(18X) (IR&D ENGIHE TEST)
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Another slgnlficant contamination problem to a delivered engine

occurred during check-outofQuad "C" engines on Apollo S/C 012

at John F. Kennedy Space Center. An indlca=ed flow restriction in

the #4 engine resulted in returning the engine to Marquardt for

failure analysis. Investigation disclosed that a piece of nylon

plastic (.22 x ,23 inches and .0017 inches thick) was lodged at the

cross holes of the fuel preignitor tube and was causing a 22.5Z

decrease in the fuel flow (see Figure 7). The plastic material was

probably from a widely used nylon bag.

I

During check-out of a Quad "B" engine on Apollo S/C 020 also at

John F. Kennedy Space Center, the fuel valve of the #2 engine wss

found to have excessive leakage. Investigation after return to

Marquardt disclosed that leakage was caused by pieces of white

paint of the type used for striping fittings after proper torquing.

Figure 8 shows pho_os of the paint on the valve Teflon seal and also

on the outside of the valve inlet near the area where the paint is
normally used.

Based on the above cxperiences and other similar occurrences, three

specific actions were taken to protect the engines from contamination

during handling and u_age operation. First, protective covers are used

on the exit bell of the engine which provide considerable protection

for inadvertent external contamination. Second, 25-30 micron ftlter_

are provided in the RC_ propellant system_ upvtream of the engine_.

Third, all engines arc being retrofitted ritit a 160 _tcron strainer

element which to installed into the valve inlet and is an integral

per,. of the engine. It is believed that this vtrain_r will prevent

mo_: of th_ injurious large particle contamination of the type des-

cribed above from entering the valve or the injector.

5-15
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FIGURE 7A. PLASTIC IN PREIGNITOR TUBE (SX)
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FIGURE 7B. PLASTIC AFTER REI_OVALFROH
PREIGNITOK TUE;E(B×)

FIGURE"7. INJECTOR COI,ITAMINgTION(REF.FAILURE/MALFUNCTION
REPORT CR-056)
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FIGU,NE 8A. WHITE PAINT ON VALVE TEFLON SEAL FACE (11X)

,i

FIGURE 8D. t,!lllTEPAIIIT Ot_THE TOP OF VALVE

FIGURE S. VALVE CONTAMINATION (REF. FAILUI_EIMALFUI_IC'rlON
I_EPORT 0R-075)

'_"I r Fig_,r_. 8
;L'(

L

O0000003-TSF12



¥,4N NPY|, CA|t'QIINJA A _ lOgO

I$I. EVOLIITIONOF CONTAMSNAT$ON CONTROL FACILSTIEB AND PROCgDURES

A. Ceneral

With the adven_ o£ development of reaction control engines for man-

rated__aystems at Mar_uardt, the need for clean rooms and contam-

ina_/au_control procedures bec_me apparent, Threa-apecial clean room

facilities have been built end _ut into use to--provide the proper

facil,i.tie_ for con_mination control. Cleaning procedures, Cast pro-

cedures, and handling procedures haam_b_n developed to provide the
/

. required operational control during fabrication arid acceptance test,

A contamination control committee was established 'tomonitor eon-

tamlnaCion control activities and provide technical guidance for the

solution of problems as they arise.

i

B____ Olea, _o0m _ at _,arq_ardt-VanNuys

} . I. White Room

A 1,500 square foot, Class 100,000 clean room £acility, in con-

formance with Federal Standard 209. is in daily use ....This_facil-

ity eonalsts of t_ree pressurized and controlled rooms. Zt in-
t

eludes an entry air lock; a cloth,(ngchange area; cleaning, sub-
!

assemblx, an_ test!areas; and a final inspection and packaging

area. Figures 9 thru 12 show one of two alr showers, the cleaning

are_, the.subassem_.lyand valve test are_l,and the final inspection
and packagi_?,a¢eas respectively. I

/i

The ,cleaning area p_ovides cleaning processes including chemical

cle/anlng,detergent iwashes,Fre.onrlns_s, and ultrasonic cleaning,
/

and it has provisions for vacuum, nitrogen, and oven drying.

Illumination at an intensity of 175 foot-candles at the working
1

level is provided. The air conditioning is controlled to 72"F

with a minimum of 12 !changes of air per hour at a relative humidity

of 45 to 50 percent, and 0.3 micron filters are utilized for m_xl-

mum control of d-st particles.

5-18
t

00000004



d
I11

) FIGURE 9, WHITE ROOM AiR SHOWER .,

15_"19 ,_Igu,°e.9

00000004-TSA04



_a
rquard/ _.....,,.,_,,,,>,.,. ,,.lo_o

- - ' I/.I/_l¥tA4!t_l/ ............ ' ............. _ .......

V672-0"1 (1

I /
: ' 7

t

t

I

l ¢,'

: [ .... , ]

["° " 1 , 7"1

1 '

.,' ) L <
,4r t" ' Z

/ =-'

I ' N
f _

"' i, N

......I _ I{,..e! I I'-I

.............. l' ......:......................... ] i ¢,_
i

1

......... 1

ll_ J ',
_ L

5-7..0 ]_tgut _: 10

2O

t
O0000004-TSA05



--------- I_l_K_v ................................................ A-1NP,Q.._
. V67ZO'I 1

"-, f

'i
t

0

[iiii' "
,,, ...... j

/ !
|
i

1 °_L ..... : N

• " .: W

' N
O
Q

W

: \ ). / LLI

' ,'. r_
i i, _ II

Bq _

Z :_,_ I' , .............. ,,

' 2;l

I

00000004-TSA06



4

rNf.,,,L,_ • '

..... ItXIRt¥1R4FIO,¥...... ................... = "_............... "-- Ve7_o-tz

If

0

i2 ,,_
, ,_ . .'

• ,,. / ,, 0

I

,P ,t _

-

el

5-22 _igu_e 12 I

,1
00000004-TSA07



_itl'(/ll[l[d/_,...,,. _,,,,o,.,, A-lo_o

2. Lamlnar Flow Room

A laminar flow clean _oom is also available in the asnembly

area for su=h activities as press and shr_nk fit operations,

engine final asstamblyand shake down, and engine disassembly

for rework activities. The cleanest pare of the room, adjacent

tO the filtered air flow source, is used to evaluate samples

for particulate contamln_tion. An automatic partlclc counter

is p_esently being implemented for counting facility samples,

It is planned that _,_th_ future it will probablF be used

for hardware rinse snmples as well (pres_n_ method is in ac-

cordance _o SAE-ARP-598).

Thi_ facillty includes an entry air lock, a clotlilngchange area,

and a 900 squarQ foot assembly and test area. The assembly

area is equipped with 14 work stations, oath with pownr outlets

and m_plplng bulkhead. _e illumination is 175 foot-candie_ at

working level. Thu air conditioning provides a minimum room air

velocity of 90 fpm, temperature control _t 72°F, relative humidity

at a maxlmlunof 45 percentj and 0.3 micron air filtration through-

out £or optimum control of dust particles. Figures 13 thru 15

show the Laminar flow room and some work activities.

3. Acceptance Test Controlled Areas

Two controlled areas in the test facility have been developed to
t

provide contamination control during acceptance testing. Control-

led Area No. i is used for the assembly of engines to the test

stand, including attachment of filters to protect the engine, and

processing of the engine after the burn test in preparation o£

postburn acceptance testing. Controlled Ar_a No. 2 is used for

preburn and postburn acceptance testing of the reaction control

engines and has also been used for valv_ acceptauce testing,
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Fi_trQ 16 _hown an _ng_na a_emblcd on . _hrunt nCand waiting

Just outnLde the controlled area No. 1 before going to the

te_t call for burn acceptance. _a_ting. In addition to facilil:y

f_ll:c_n, 15-30 micron ££_Ltarn are :Lnatall_d directly to each valve

{_nlet, Thaae "hat fire" £:Lltara are removed during thn pontburn

t:cat and rOplaced. _hd'hot f_rc."fi_tcrn arc rinse-teated to

ver_fy _hat adequate p_o_ccglon cringed during tim burn te_t;.

_f

lgtl_n engines coma h_._k go cent:rolled arna #l aftc_ the "ho{:
l

fire" _cng :l.n the cailn, _hoy haw cann:Ld_r_h)a ccntm_£natton

oft the o_tarnal nurJ_acca which ag t_,ma_ wan carr£_d _ngo tha
¢

.controtlod aroa #2 wha_o ponl:f_o tonga aro colltlllc_:cd. To {_ono{.va

th£_ problont,a Lady Korkmorcd'_nhwaohor wao _od:f.f:L,7_,dand put :l.nt;o

controlled aroa #1. Whon tho cng{.noo arc removed from the tht_tnt
I

stand, they a_a placed in _l_o wa,h_r and _ha cx_ovnal _ur_acon

cleaned with dlotillad wa_er. Th.oOnsinaa a_c aubooqucntly d_i_d
I

in a vacuum oven before entering controlled azaa (/2 for poogbu_u

testing.

, Controlled area #2 is a 1,200 square foot, Oleos lO0,O00 clean

room facility in conformance with Federal Standard 209. This room

consists of an air lock entry which_ also 'serves for changing elothe_,
I

a large teat room, and a room for oven d_ying and packaBiU8o Figures

t7 ith_u 19 show t_e test area Of the room including the inst_enta-

lion, Laminar flow I benches, and the flow bench, The air conditioning

17/is controll_:d 72°F, with a minlraumof changes of air per hour at

a _elatlve humldlt_ of 70 percent maximum, and 0.3 micron filters

are utilized for maximum control of dust particles.
/
/

Several original improvements to these coutrolled areas ha,e beeu

implemented as indicated b_low:

I /

a. During preburn of head and valve_ in controlled arcs #2, there

_aa a need for a qu_ek, c_y way to rmnove orifices from the

valvc_ wlt,,outcontaminating or d_,maglngthe unit. To accom:,l_h

5-27
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thls tnsk_ a vacuum line was plumbed to the bench with

_ a small nylon nozzle attached to a stainless flex ho_e.

. When the vacuum was turned on, the orifice was very easily

phlcked from th_ solonold valve, Th_s method not only

Eemoved the orifice, but removed any possible eont,mlnatlon

at the same time.

b. A vacuum ho_ was installed on each bench to allow the

operator to vacuum his person as well as clean any con-

tamlnation from the work station before installing any

hardware on the benches.

c____H_els were £nstalled on the chairs in the controlled areas

to allow the operators more freedom o£ movement while

operating the test benches. Also_ this helps to eliminate

extra maintenance on the floor that occurred from sliding

O the chairs on it.

C. Cgntam!na_i_n Control Procedures

The primary document which controls the cleanliness of RCS hardware

at Marquardt is a_laterlals'& Process Specification (MPS-210),

"Cleanliness Requirements for Reaction Control System Engines". This

specification defines the requirements for the clean rooms, influent

•. system filtration, particulate contamination limits for influents and
|

hard_are_ nonvolatile residue (NVR), packasing, and contamination

monitoring methods. In addltlon_ this speciflcatlon contains ep-
|

pendices which define specific requirements for filters, clean room

operation and control, and cleaning procedures for RCS hardware.

Other related documents have been prepared which also assist in the

control of contamination, rrocedures exist for the operation and

control e_ the controlled areas in the test facility. Packaging

/_ specifications exist for RCS engines. AI_o, other detailed pro-4

%J cedures exist for s_ae of the cleanlng and assembly operation.
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D, Contamlnatlon Control Cgnunittee,

A contamination control cor_n£tteew_s e_tablL_hed as an integral

part o£ the conto_nlnat£oncontrol program at Marquardt. This

eo_nit_ee is considered an essential part o£ the Marquardt aerospace

production op_ration. The committe_ consists o£ representatiVeS £rom

_nu£acturi_g, En_ineerlng, Materials & Processes, Test, Quality

Assurance, and Reliability with the rellabillty member acting as

chairman,

',
I

General respons£bilities o£ this co_mittee £nolude_

1'. The committee is to review the program requirements £or con-

tamination control facilities with recommendations being sub-

mitted _o Plant Operations and Program Management.
t

_. Coordinatlo_ between all departments, with respect to equipment

contamination control, is a responslbillty'of the committee
with the mombers of the committee being r_s.ponSibl_en_ con-

tamlnation control in their respective departments.

3. The committee is to secure and exchange information between

members t,}mlnlmize duplication of work and facilities. This

Information _s to be consistent with the state-of-the-art as

_vailable throu_ recognized technica_ society activities, govern-

., ment technical _rders and MIL standards.

i /
4. The duties o£ th_ committee include 'thefollowing additional

;

.,"actionsto assure_the control of contamination:

/
Review customer requirements :related to contamination.

Review of product design drawings.

Review manufacturing processes related to contamination

control.

5-33
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D R_vlew manufacturing facilitiea daatgn _ related to

contamination control.

Review teat facillties design _s related to conCamlnatlo=

control,

Review _e_t departanen_ procedu=es as related Co con-

tam£nation ¢onerol,

Review process specifications as related to contamination

, control.

Provide educational proBra_,to ma£ntaln and improve

worRmanship £n the contamination control areas.

0

|

/

,/

©
.s
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DYN z,cEFFECTS,

In the design of a apacncraft reaction control system (RCS) utilizing
I_quid propellant engines, the coupling of the engine to the propellant feed
sy.tem 18 Of paramoun_ Importance. _%en the engine "on" tlmea are in the
order of m_lli_aconds and/or m_l_¢ple engine f£rtng_ arc r_quirad, the feed
Bysgem pr_anur_ may never reach a qulescent valuQ and the _y_em must respond
to _he ong£no', don_nd Ln.tan_aneou_ly and pre4¢ctably. ,

I
i

This chapter di.cusoea the system dynamic characcor£_cic, thaC should be
considered £u _hc d_Ign o_ _ho RCS. A revlew of _ho AallcnC dynamic charac-
Ceristic_ of the feed oy_to_ o engine in_craction t_ given in Par_ 1,

Pare _ describo_ she res_les of she Apollo Lunar Module (Ll_ Ret'_tion
Control system tes_s, wherein _he _yaeem dynamic, ef£ec_ di_cu_sed in Part 1
are exemplified by test resMC_.

}
g. Propellant Feed Systembynamlcs

Nhen an engine valve ts suddenly closed or opened_ the flow rate of the
propellant in the line is decelerated or _ccelerated and acoustic waves are
created in the propellant flue. The magnitud_ of the compression wave caused
by the abrupt Closing of a valve, or the rarefacdlon caused by abrupt opening,
is influenced by the propertigs,of the propellant and physical characterist£cs
of the ?repellant lines. ,_hlsphenomena is commonly referred to as "water
ha._er". , :

_e sudden _losure of an engine valve increases the pressure Just up-
stream of the valve and this pressure propagates upstream through the line at
the local speed of sound. The lhcrease in pressure iS proportlon.l to the
arrested velocity of flow and to',thespeed of propagation of the pressure
wave. The maxlmum pressure increase may be expressed as follows:

, _ VC. : -- (l)
g

, !Where

_P _ pressure increase (ib/ft2)

V - arrested flow velocity (_t/sec)

C - speed 0£ sound in propellan_ (ft/sec)

) _ = propellant density (Ibm/ft3)
g : gravitational constant (32.2 ftlsec2)

6-i
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The increase in pressure expressed in Equation (1) will be attained only
in the case where the valve closure tlme is less than one cycle of the p_es-
sure wave, where the cycle time is a function of the plumbing geometry and
speed of sound.

The speed of sound in the propellant can be expressed as follows:

! Ig "K bE "

Where

C = speed of sound (ft/see)

. K = _opellanc bulk modulus (iblft2)

D _ inside diameter" of line (ft)

E - elasticity of llne (Ib/ft2)

b ,, wall thickness of line (ft)

CI = dimensionless constant determlnedby the type of support
provided to the llne. Ear lines anchored against longi-

O tudlnal movement throughout its length C1 = I - _, where
is the PoissonSs ratio of the llne materlal.

Table I presents typical numerical examples of Equations (I)and (2).
For the bipropellant example shown, it will be noted that owing to its higher
flow rate, the oxidizer will experience higher pressure fluctuations than
the fuel.

: /

TABLE I , _,

: TYPICAL MAXIMUM WATER HAMMER PRESSURE

Stainless Tubing: OD - .375" b = .020" //

Flow, w (at 77°F): W_._- .222 Ib/sec, Wf I .III Ib/sec
Oxld izer Fue1

N204 !50Z UDMH-50Z N2H4
in nn m u _ . . LW|t| J

Speed of Souu_d(ftleec_ 2,460 . 3,460
Haximum Increase in 196 134
Pressure (_P) p_la

Under comparable condicions the rorofaction wave caused by the sudden
opening of a valve are smelle_ in magnitude than that expressed by Equation
(I). Figure I repret,ent, a typical time hintory of the feed system pressure

C_ of a biprop_llan_ engine during a 50 millisecond pulse. _e behavior of thefuel and oxldi_;erpressures during engine valve opening end closing are clear-
ly indicated in this figure. The damping o£ the cyclic behavior of the feed ,

6-2
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_ystem pressure i_ caused by friction and fluid damping, In a typical RCS in-
stallatLon the propellnnC lines £eed_nB the engine cake a number of turns
(bends) and change,_ in cross sectional areaj these impedance changes all af-
•fect the wave Frop._gation of the d_ntr£buted flow, A detailed treatment of
the pressure-t_me transient n_soc£ated with both the valve closing and opening
are presented in R_ferences 1 and 2.

The pressure oscillations of the water hammer phe,_om_.naaffect the per-
formance of t?_ syBtem in a number of wQyB. Among them are:

i

@ The time required to reach full flow after engine valve_ are opened
is increased. ; '

• The time required Co reach system steady state pressure is delayed
when engine vaslves are closed.

The per__ozw_uce og other engines utili_£ng the same propellant feed
system is affected.

O Componenta within the feed oystem are stressed.

0 Creation ef g_s bubbleaiand vaporization of propellants are possible.

B, S_atem _/atur_1 FrQquency

D Zn addltlsn t_ the water"hammer disturbance created by the opening and
•closlng of the _n_ne valve there is an inherent nataral frdquency of the
propellant feed system, This 'low frequency phenomenon is associated with the
elasticity o._ the _ropellant llne and compressibility of the propellant.
Essentially th-_ syetem reacts to an cpplied disturbance as a simple spring-
mass system. In this analogy the sprln8 constant is an inverse function of
the propellant com.._ressibi!i_y._ The natural frequency 'canbe expressed as

!

follows: ', ;

• /V

Where \

fn " nat_a'1 frequency (cps) /

L = equivalent length of line (ft)_ for varying cross _ection

' A1 _,A_ AI

A - nominal cross sectional'area of line (it2)

M = equlval_nt mass of propellant in llne (Ib sec2/ft)

The mass _f _ given system remains en.entially constant. However, the

compressibilitym_y vary with the amount of pressurant (gas) ingested in thepropellant or _re_'.entin the form of bubble_. Data rel_ti_g to the change in

6-4
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s_stem natural frequency by pressurant ingestion ate discussed in Part 2 of

• _h£_ chapter.

C. Duty cycle Inf!_9 nc.eonF ed S st m   .amtcs

A pressurized propellent feed system for typical spacecraft reaction
control SyStem application usually provlde8 propellants for a multiple of

engines, The pressure oscillations in the feed system created by a single
engine firing will affect the perfo_nance of other engines which are subse-

• quently fired if they are in close proximity to each other and fired at rapid
repetition rates.

As an example of the number of engine _iring combinations that might oc-
cur in a given mission duty cycle, a simple system with two engines firing
from the name propellant source was examined. Assuming that the firing of

the individual engines may occur i_ either a fixed pulse mode (fixed fre-
quency) or steady state (£iring time of greater then one second) and with

the possibility of either engine b_ing (i) not fired, (2) fired in phase,

(3) leading, or (4) lagging, thirty-two (32) different start end shut down
transients can be attained as illustrated in Figure 2,

When the number o£ engines £ired from a con_on feed system increases

and the frequency of pulse operation of the individual engines are varied an

i_finite combination of feed system pressure changes are possible. For bi-

propellant feed system extreme care must be taken so thac the engine mixture

ratio is not adversely affected during these pressure fluctuations,

Further, impulse variations and the possibility of attaining no response _ |
or zero impulse should be examined when severe duty cycles are imposed on the |

system. The sensltivity of the engine to lead and lag by either the oxidizer
or fuel should also be examined. , ,

Sizing of the propellant lines to minimize these trensients is extremely
important. The u_e of cavitating venturis and accumulators have been sug-

gested when system designs have precluded llne size changes and precisely
/

controlled Impulses are required.

D. Pressurant S,_turati0n of p_rope!lant

The saturatlon of the propellant by the pressurant plays a dominant role

in the stability of a liquid propellant feed system. In feed systems that

utilize permeable bladders, the solubility of the pressurant with the propel-

lant must be considered. It has been shown that during long storage periods

complete saturat _;un of the propellant is possible. 2%e dominant factors af-

fecting satur_ttcm are pressure and temperature (Reference 3). Since the
solub£1ity of the pressurant gas Increases with pressure, the subsequent drop

in pressure that _ccompanles propellant flow into the engine could release

the pressurant from solution forming a two-phase comp_esuible mlxturc. As a

I result of this out-gasslng the bulk modulus of the feed system is decreased .,

6-5
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POSSIBLE COMBINATIONS OF TWO ENGINES

FIRING EITHER STF._DYSTATE ORPULSING AT FIXED FRF.JENCY

_ m_ im _

°" J ..... L1 OFF .... "'" - ' _ '- '

,'°"- , J'.... L
ENGINES FIRED ONE AT A TIME

o. j,, , L j: _-L jq.J-I..JqZL'..RJ'U"iJI

, , o_,J L _ J----k Jln_n_n_
• BOTH_GINES FIRED It{PHASE

o.j L _F----LJUlErLJIFUlFL1 OFF - •
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and the natural frequency of the feed system will change from a '%ard" system
to a "soft" system.

For bipropellant systems utilizing nitrogen tetroxide (N204) as the oxi-
dizer and a 50-50 blend of unsymmetrical dimethyl hydrazine (UDMH) and hydra-

zinc (N2H4) as the fuel, the solubility of the pressurant in the fuel is

considerably loss than in the oxidizer.

I_. PART 2 - LUNAR M_DI_E_:REACTION.CONTROL ,SYSTEM TEST

#,

A.--_Introductlon

/
t

The Marquardt Cc_rporatlon under subcontract to the Grumman Aircraft Engi-

neering Corporation of Bethpage, Long Island, New York conducted system tests
of the Apollo Lunar Module (LM) Reaction Control System (RCS). These testL

were conducted during the period of August 1964 to December 1966._ The de-

uelopment and design verification test of the system were conducted in three

phaseS, namely; (I) preproductlon, (2) production, and (3) design verification

tests. During each progtesslve stage of development the system was upgraded

with design changes and refinements in both hardware and operational pro=

cedures. The final design earification tests utilized components that were

completely qualified for the, lunar mission.

O All modes of operation which will be used in the spacecraft mission were

simulated repetitlve:/ to determine performance criteria and margins. Coupled

with the testing of the system was the evaluation and development of support

procedures such as propellant filllng, priming, purglng and decontamination
of the system.

)

The LM system tests were donducted at Marquardt's'Maglc Mountain test

facilities at local baromctrlc pressure. The system test configuration was

spatially identical to that of _he ultimate flight vehicle (viz. system

propellant lines,were identical_In size and routed in ,the same manner as on

the vehicle).

t

B. System Description and FunCtion /
!&

The Lunar Module reaction control system shown in Figure 3 is composed

of two identlcal'Independent systems (Systems A and B). Each system contains

identical helium pressurization and propellant feedIcomponents, together with
associated valves and lines necessary to deliver propellants to the blpropel-

lent engine a_semblies. The propellants utilized in the system are nitrogen
tetroxide (N204) as the oxidizer and 50% LrDMH - 50% N2H4 as the fuel with a

nominal operating mixture ratio (0/F) of 2.0. A schematic of the system is

shown in Figure 4. ,
t

Sixteen identical Marquardt I00 Ib thrust R-4D engine assemblies are ar-
ranged in clusters of four and mounted on four outrlggcrs at the corners of

C) the LM vehicle. Spatially, the clusters are located at the corners of an ap-

6=7
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pr6ximately II foot square around the LM ascent stage, In each cluster two
engines are mounted parallel to the vehicle '_" axle, but facing in opposite
directions (one engine faces up, the other down). The other two engines are
mounted in a plane normal to the '_" axis and spaced 90_ apart. The center-
llne of one engine parallels the vehicle '_" axis; the centerline of the
other parallels the "Z" axle (Figure 3). Two of the engines in the cluster
are supplied propellants by System "A"; the other two by System "B". Norm-
ally, both systems are operated together, but the arrangement of the engines
is such that complete control is all axes is possible despite a failure in
either system. The system also has th_ capability of crossfeedlng between
System A and B. In the event of upstream failure or propellant depletion in
either system, the normally closed crossroad valves may be,opened to connect
the propellant manifolds of Systems A and B. Further, an qscent interconnect
valve, which connects the RCS propellant manifold to the Ascent Propulsion
System (APS) propellant supply is provided to utilize APS propellents for RCS
operation.

The RCS performs the following function on the Lid vehicle_

i. Provides thrust impulse to stabilize the LM during descent and
ascent. 1

2. Provides thrust impulse to control the vehicle attitude and trana*
lation during hover, landing, rendezvous, and docking maneuvers.

3. Provides necessary thrust impulse to accomplish the LMISer_Lce-
Command Module separatlonmaneuver.

4. Provides necessary thrust impulse to'accompllsh acceleration for
ullage settling for the descent or ascent propellant storage tanks,

f

when required. , !
J

C. System Operation ]
#

Gaseous helium is stored at a nomlnal pressure o_ 3050 psia at 70°F in

two spherical t_nks. Each independent system (System_ A and B) contains one
helium tank and a set of pressurization components. Upon activacion of para-
llel squib valves the pressuran_ flows through a filter to the system's
series redundant pressure regulator. The regulator maintains a nominal sys-
tem pressure of 182 psla. The regulated pressure is branched to the gas side
of the oxidizer a_d fuel tanks through qusd redundant check valves, which pre-
vent mixing of propellants or propellant £umes in the upstream helium pressur-
ization manlfpld. A burst disc and relief valve assembly is provided at each
tank to prevent system overpresaurlzation. Teflon bladdered propellant tanks
feed pressurized fuel and oxidizer through main line latching solenoid valves.
The main llne valves are normally open, but can be closed £n pairs (fuel and
oxidizer) to isol_te the propellant tanks of one system (A or B) in case of
upstream malfunction or when the RCS is operating from the Ascent Propulsion
System. All of the aforementioned tanks and components are modularly mounted
as an assembly with two modules required per vehlcle.

)
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Each tankage module suppl_ea _ropellante for two enginea on each of the
four engine clusters. Propellant flow from the main line valws are branched
to the four corners of the LM vehlclo where the engine clusters are loca_d.
Each propellant llne (total of four) _o the engine cluster assembly has a
latching aolenold valve and f£1ter before the flow from these lines ar_
branched to two of the engines. The latching solenoid valve, which is norm-
ally open, permits _aolation of engine pair_ _hould a m.lfunction occur down-
stream of the valve. As _hown in Figure 4, pressure and temperature trans_
duce_ are Btrategically located throughout the RC_ to monitor tt_ performance.
Photographs of the Design Ver£ficatlon TeaC (DVT) _otup are shown in Figures
5, 6, and 7.

D, Engine Da,taCorrelatJgn

Prior to installation of the engine £n _he system, each engine was fired
in a thrust stand in hath the pulse and steady state mode to obtain necessary
correlation between measured thrust and chamber pressure, Thes_ correlations
were required to determine thrust and/or impulse during the syatem testa since
the aystem installation would yield no thrust masurements. The single engine
thrust stand firing was conducted at both altitude and sea level conditJ.ons

since the system testings were conducted at local ambie_t. Table II preaents
a summary of the equations used to correlate this data.

)
During steady state firing in the single engine test stand the engine's

thrust coefficient and specific impulse were computed from measured thrust,
chamber pressure and propellant flow. For pulse operation the integrated
values of thrust and chamber pressure together with flow rate data were used
to compute a correlation factor (Cyst) to determine specific impulse and im-
pulse at specific pulse widths. Once the engines were installed in the sys-
tem, performance of the engine was monitored by measuring chamber pressure.

I

A photograph of one of the engine cluster assemblies installed in the
system is shown in Figure 8. The expansion bells of the engines ..ere removed
since they were not functional.lyreqa£red for sea level tests and to facili-
tate cluster handling. //

. /
J

E. Summary of Tests

Table 111 presents a surmnaryof the total system propellant exposure time
and engine firing summary for the LM reaction control system tests described
herein.

A summary description of the type of testa and their principle objectives
are shown in Table IV. Item 3 through 8 of Table IV entailed engine firing
either in the steady state and/or pulse mode. The pulse width in the pulse
mo_e varied from I0 to 200 milliseconds with varying off times, The maximum
number of engines fired at any one tlme in a given system (A or B) was six.

)
e
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TABLE II

CORRELATION OF CHAMBER PRESSURE

WITI{ THRUST & SPECIFIC IMPULSE

t."

SINGLEENGINE ALTIIUDETESTINO SiA LEVEL5YSTE/L,%TESTING

tITHRUST FVAC = FM + PCELLAE

STEADY CFv.Ac = PC A_--'¥ '(PCM + PC'E£L) AT FVAC = CFVAC (PcM + PSL) AT
STATE

/"''°"' Cv c=.7;7

• SPECIFIC = F,VAC= FM + , AE = CFvAC (PcM + PSI.) ATI._.SULSE ISPvA C PCELL ISPvA C ....
STEAD_ wp @p Wi,'" STATE

i J , , , , _

0 ,urn 's,v,_:'w, /,_= 's,_o.:' ,.= ....=,

._UBSCRI,PZ

Az = EXITAREA(INCURS2) M, = _ASURED
AT = THROAT AREA (INCHES 2) VAC = VACUUM OR SPACE CONDITION

CF = THRUST COEFFICIENT

; C = PULSE CORRELATION FACTOR(INCHES 2)

F = THRUST(POUNDS)
IT = IMPULSE (POUND-SECOND)

ISp = SPECIFIC IMPULSE (SECONDS)

Wp = PROPELLANT MASS (POUNDS)

Wp = TOTAL PROPELLANT FLOW (POUNDS)

_t = MEASURED PULSE WIDTH (SECONDS)

PC = CHAMBER PRESSURE (PSIA)

PCEI_ .=MEASURED CELL PRESSURE (PSIA)

PSL = MEASURED SEA LEVEL PRESSURE (PSIA)

O
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Figure 9 presents typical chambor pressure transients for one of the en-
gines during pulse firing. Figure 10 presents the integrated chamber pressure.
and total impulse for the same engine plotted versus pulse width. During all

pulse runs the first and third pulse was analyzed since the first pulse of a

given pulse train is less efficient_ This inefficiency iS primarily due to
the fact that the first pulse of a pulse train must fill the cavity of the
injector between the engine valve and point of injection (this cavity is

usually referred to as dribble volume) and energy transfer in the combustion
chamber. It is evident that the third pulse is considerably sharper than the

first and the rise time to nominal chamber pressure is approximately five
milliseconds faster for the third pulse than the first, ,

' I

Figures 11 through 14 present typical time hiSto=ies of measured

propellant manifold pressure during engine Start up and shut down for single

engines fired in the A system. Referring to the schematic of Figure 4, the
transducers that measure these manifold pressures are approximately 30 inches

upstream from the engine valve. As expected, the manifold pressure closest
to the engine being fired experiences the largest transients and the oxidizer,

owing to its higher density and weight flow, eXperienceS larger pressure fluc-
tuationS. From a nominal Bressure of about 175 psia the start transient, as

measured at the =mnifold of the engine being fired, is characterized by a fall

in pressure down to approximately 100 psia in 5 milliseconds followed by a

rise to 200 to 250 psia, I0 milliseconds later, engine
The shut off is

characterized by a water hammer pressure maximum of about 300 psia which
occurs within 5 millisecondsafter engine shut down.

r It can be noted in Figur'es ll through 14 that after the initial opening/

closing transient has subsided a fundamental frequency is imposed on the sys-

tem, which is the system natural frequency discussed in Part I-B. The fre-

quency of this oscillation is highly dependent on the,degree of pressurant
Saturation in the propellant and temperature of the propellant. The lower the

frequency the "softer" the system. For the system tested, the calculated
frequency for a''_ard" or degassed system was 23.5 cp's for the fuel and 17.1

cps for the oxildlzer. Measured values of frequency were in excellent agree-
meat with those calculated and ;it was observed that as the system remained

_i pressurized the system tended t.o become softer and reached frequency values
of approximately 21 cps and i0 cps for the fuel and oxidizer respectively.
The change in frequency was gradual and System A's change @id not necessarily

follow System B's. No attempt was made to measure the amount of saturation,
but monitoring of the manifold pressure oscillograph traces indicated 8

gradual chan_e in frequency. ',

F. Control Events Tests _ ,'

Control events tests were conducted to determlne system performance dur-

ing normal mode of engine operation that simulate firing conditions antici-

pated in vehicle control maneuvers. Engines were fired in couples in both the

D steady state and pulse mode. Engine pairs (engines located in the same clus-ter, fed by a co_on propell_nt source) were also fired during this test
!.

sequence. ,,
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The firing of engine couples indicated that the initial transient of

chamber pressure is affected by the location of the-supply tankage. If the

tankage to a particular engine is located far from the engine the initial

chamber pressure rise is followed by a lower drop In pressure before recovery

to its steady state value. Table _ presents typical integrated chamber pres-

Sure data for engines of System A when fired as a couple at different pulse
width. ALso Shown on the table, for comparison purposes, is the integrated

chamber pressure of the engine when fired as a single engine in the system.
The loss of impulse for engines located furthest from the supply tankage

(Engines 3S and 4D).may be noted in Table V. The decrees? in impulse is
! primarily attributed to the behavior of the initial transients; as the engine

couples are fired for longer periods of time (as in the case of vehicle trans-

I: latlonmaneuvers) the percentage change in impulse iS less.

Figure 15 presents the chamber pressure tJme history of an engine pair
£irlng. Both engines are fired simultaneously with one engine shutting down

after a one second on time while the other engine contlnue_ to fire. The

start transient of both engines are identical; upon shut down of one of the

engines a slight rise in the second engine's impulse is noted. Figure 16

illu_trates two engines firing _teady state, one engine startlng and stopping
during the operation of the second. The drop off and rises in chamber pres-

sure as the second engine is fired and shut down is clearly indicated in this

O figure, both transients are damped out within I0 milliseconds. Figure 17
illustrates the behavior of the same set of engines when the second engine is

pulsed for 20 millisecondS, rather than fired at steady state.

Figure 18A illustrates the behavior of an engine pair when a pulsing en-

gine leads an engine firing steady state. Figure 18B illustrates a case

where the same two engines are fired simultaneously with one engine pulsing

and the second engine firing steady state. For the same pulse width the

affect of imposing a transient during the pulse on time is clearly evident in

the chamber pressure trace of Figures 18A and 18B.

Figure 19 illustrates the affect of pulsing a second engine for 50 milli-

, seconds, 25 milliseconds after the first engine has fired. The'expected de-
cay and rise in the first engine's chamber pressure can be ndted in the

figure. Of particular interest is the fact that the impulse (chamber pressure)

of the first engine is increased during the entire period that the second en-

gine is fired. Phenomena of this type are extremely difficult to predict

analytically and often difficult to repeat experimentally. The time phasing

of the second engine's "on" command coupled with oscillations that are present

in the propellant feed system wlll provide a different value of impulse re-

sponse for the same pulse width. In some instances both engines will reach
the same pressure level; in other cases one engine may partially starve the

other. _,rough experimental verlffcation these phenomena should be categorized

to establish a tolerance band on pulse repetition rate and mode of operation.

© i
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G. Duty Cycle Tests

t " A duty cycle te_t was conducted to verify proper operation of the reac-

tion control system during a complete mission simulation. The duty cycle

tests were conducted at ambient hardware and propellant temperatures. These

tests also provided a basis of comparison for subsequent high and low tempera-

ture tests in the measurement of propellant consumption. The duty cycle test

was conducted in two phases: the initial portion consumed approximately one-

fourth of the system's propellant and the second portion, which was preceded

by a 48 hour hold period (simulating lunar stay), consumed approximately one-

half of the system's propellant.

The Design Verification Test (DVT) duty cycle test consisted of 13,299
firings and an accumulated firing time of 1,289.522 seconds. The duty cycle

consisted of engine firings of 59 different pulse widths ranging from 0.013
to 4.980 seconds duration.

Propellant consumption for the duty cycle tests were Computed by three
different methods. They were:

i. The propellants were loaded into the system by filling tanks of

known volume, temperature and ullage. After the completion of the

O test, the remaining propellants were drained from the tanks and! weighed and subs:ratted from the loaded amount to yield a "measured"

.. consumption.

2. The propellant consumption was computed from the known duty cycle.

' By utilizing the average specific impulse and total impulse of the

: R-4D engine, as shown in Figures 20 and 21, the pulse width and

number of firings were summed to yield the propellant consumed.

3. By monitoring and measuring'the initial and final helium supply

pressure and temperature and relating the change to an equivalent

volumetric change in the propellant tanks, the propellant consump-

tion can be computed (Pl_fmethod).

-- Ideally, the use of any of the above methods should yield propellant con-

: sumption with reasonable accuracy. Figure 22 represents a plot of method (i)

and (2) for various duty cycle tests conducted during the DVT test. The data

show reasonable agreement, with a maximum data point discrepancy of 4.0 Ibm

of fuel. Figure 23 shows the comparison between method (I) and (3). Data
scatter of a maximum of 15.9 Ibm of oxidizer less than the "measured" is evi-

dent in this plot. The PVT method is subject to a number of built-ln errors.

These consist of measurement accuracy of pressures at 3000 psia, helium leak-

age from the system, behavior of the gas as"non-ideal"and variable pressurant

tank volume as a function of pressure decay. The data presented in Figure 23

assumed that the propellants were saturated with helium prior to the start of

the test (if helium saturation did not occur, an error of 2% would be intro-
duced in the finel computation). The data was also corrected for leakagef _

t_ (when known), temperature, compressib_.lity and volume distribution into
the

propellant tanks (based on O/F detcrmined from "measured" d_ta).
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Throu?hout the entire tact program the RCS propellant tank n,odule.
valves and lines were enclosed in a p}_s_tc tent so m._in_ain a clean environ-
ment for all cor, po_ents. For the high and low temperature system te_ts the
entire tent temperature was _atntained at an equtltbriur,_ tetnperature of 100°F
and 40°F respectively. Propellant consult, piton data obtained from the high
and low temperature are included in the plot o£ Figures 22 and 23 and show
excellent agreeman_ with theoretical density change.

H. Off Destj_n O_eration

The objective of this series of tests was to investigate the perform-
ance of the Lid RCS when off design conditions were imposed. The tests in-
eluded operation at:

1. High (32 V d-c) and low (20 V d-c) engine solenoid valve voltage

2. High and low mixture ratio. The propellant tank pressures were
purposely changed to yield an O/F ratio of 1.8 and 2.2.

3, High and low regulated inlet pressures. Fuel and oxidizer tanks
were preasurized at 150, 180, and 240 psia.

Engine valve response and ignition delays were thoroughly documentedduring the h!_ and lo',: voltage tc_ta. At Ic_# voltage the engine valves
charact_.rlstically opened slo_ter and cloyed faster end at high voltage the

reverse was true. At a voltage level of 20 V d-c and a 1O millisecond pulse
essentially no impulse was derived.

Results of the high and lo_ mixture ratio testa correoponded to the

theoretical performance of 50-50 UD'..q_-N2I[4/I_204. An approximately 5.5% de-
crease in integrated chamber pressure was noted over the 1.8 to 2.20/F mix-

ture ratio range for a 100 millisecond pulse,

Figure 24 represents typical third pulse re_ulto of the ht,gh and low re-
gulated pressure tests. A decrease in impulse is evident by lowering the
system pressure. Figure 25 illustrate_ the magnitude of the steady state
chamber pressure s_ the three supply pressure levels.

I. Crosafeed and Ascent interconnect Tests
i i =u =

System cro_,_fead tests were conducted by operating all of the system en-
gines from a single propellant source (A or B). The crossfeed was accom-

plished by closing the r,,aLnllne shutoff valve (Just dov,nstream of the pro-

pellant tank) of the syster,l (A or 13) which is dcactivated and opening the
crossfead valves. Ascent interccrmect I:ests were sirailarly conducted by
opening the esccne Interconnect valve.

0
t
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_hroughout the crossfeed and interconnect tests various combinations of

engine couples, translation t_neuvers and engine pairs were fired to simulate
worst case propellants manifold pressure dynamics. Multiple combination of
leads and lags were also imposed on the engine by varying pulse frequency and
pul.se width. The documented data exhibited no adverse results.

J.. Failure ModejoOperation

These tests vere designed to investigate the system performance during
failure mode events. The areas investigated were:

I. The engine fails to shut ogf and the oxidizer and fuel cluster
isalar_ton valve are closed to the .ml£unctioning engine pair.

2. The engine oxidizer valve fails to shut off when an engine run is
terminated and the oxidizer cluster isolation valve is closed to

the ms IfunctiOning engine.

3. Manual s_Itching of the engine to obtain "short-as-possible-on-time".

All of the above tests were succecefully accomplished. When the_engines

are shut off by the cluster isolation valve, the chamber Pressure reaches am-

bient in approxir_tely one second. Because little fuel is availsble for re-

action, the closing of the oxidi_er isolation valve (Item 2 above) produces a
chamber pressure _nich decays within 0,06 seconds.

The manual operation of the engines was accomplished by two different
circuitry. One n_thod required a sln_le depreosion of a switch using the
engines autonmtfc coil. The "on-off" time of the pulse in this instance was

a function of the electronic switching circuit. On tint, s of .064 to .102
secords were obtained by thls method. Another method by which the engines
were operated manually was through the engine's _econd_ry (or manu_l) coil.
The operation in this =,ode require_ the operator to deprQss the _witch twice.
once for "on" and another for "off", The response of this method is a

function of the operator's reaction tinm end swttchin 8 circuitry. On-times
of 0.197 to 0.350 seconds were obtained by this method. I

i

K. Decontam£nst to_ and E xaminst ion

Upon complet ion of the firing tests the RCS was flushed with decontaml.a-
Clan fluid to inak_:the system safe for subsequent disassembly and examination.
The decontaminati__.=1 fluids used were Freon TF for the oxidizer and Isopropyl

alcohol for the fuel system. Briefly, the decontamination procedure consisted
of:

I. Purging the propellant tank and system llne_ of residual propellents

by purgir.g them through the e.gtnoe with helium gas. Propellants
were pur;_cd tndtviOually.

....% 2. Loading the propcllnnt tanks and lines with decontar,':in_tion £1uid _nd
'_ allowinE the fluid tore_:_:_in in the _yotem for at lo_,st 30 _,ffnuLes.

J
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3. The decontamination fluld in the tank was drained and the tanks were

purged with helium. The fluid in the 1lute was purged through the
englne.

4, The propellant lines downstream o£ the tank were vacuum dried.

The above procedure was repeated three times. On the second and third

cycles the helium side of the tank bladder was pressure purged after loading

the. decontamlnatlon fluid in the propellant side of the bladder__y alternate-

ly pressurizing and vending the helium si_e of the bladders.

The final step in the decontamination procedure was a hot (200=F) purge
• of the propellant lines, followed by a Vacuum dry.

During the third and final cycle of the decontamination procedure, sam-
ples of the fluid were taken and analyzed. By titration (F_eonTF) and spec-
trophotometrle (Isopropyl alcohol) process, the concentration of propellant
in the flushlng fluid was found to be less than 10 ppm.

Aside from slight discoloration in tertaln parts and faint odors of the
propellant, the disassembly of the system indicate_ no wear or deterioration
from the system testa. Post callbration and performance check_ of the valves

D and engine indicated no performance change.

IV. CONCLUSION

The testing of the LMReae_ion Control System has indicated the impor-
tance of the coupling of the engine to the feed system. The dynamic behavior
of the feed system pressure as affected by tho engine's duty cycle demand, the
degree of pressurant ingested in the propell=nt and locat_on of the propellant
source (tanks) with respect tO the engine, ell play a dominant role in the
performance of the system.

As a result of good design, the actual testing of the LM RCS uncovered
no significant problem areas. However, the variables of system pressure,

t

temperature and voltage that were tested provides the _onfldence and realiz-
able performance margins that can be achieved from the system.

The successful flight on Januacy 23, 1968 of the first Lunar Module in

earth orbit attest, in part, to the successful ground teat of the reaction
control system discussed herein. During this flight the RCS consume_ _II of

its propellants (610 Ibs) and an additional 230 pounds of propellant om the

ascent propulsion system (through the interconnect valve) was consumed. Ti_e

RCS engines were fired for a totol of 2,719 _econds consisting of 16,277

pulses.
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